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Abstract  
  

 The spectral mismatch between the incoming solar spectrum and photovoltaic 

cells is a fundamental factor which curtails their efficiencies. Through luminescent 

processes, known as spectral conversion, the wavelengths of the incident 

sunlight may be changed to better match the optimal values for charge carrier 

generation by the solar cell. There are three means by which this can occur: 

upconversion, downconversion and luminescent downshifting, whereby two low 

energy photons can combine into one of a higher energy, one high energy photon 

can split its energy into two lower energy ones and a single high energy photon 

can reduce its energy, respectively. Collectively, these processes have attracted 

interest as an area of research for their application to solar cells as a method to 

enhance PV device performance, an important technological challenge to aid in 

the transition to a decarbonised economy.  

 In this thesis, particles with spectral conversion properties are incorporated into 

two kinds of novel solar PV devices of relevance to the emerging and building 

integrated photovoltaic technology sectors, 3D static SEH concentrator 

photovoltaic modules with potential for building integration and high stability dye 

sensitized solar cells. Following an introduction to the topic, concisely discussing 

the underlying mechanisms of each spectral conversion process, and conducting 

a literature review which catalogues the evolution of state-of-the-art results from 

the field, experiments are designed to test two candidate spectral conversion 

materials (Sr4Al14O25: Eu2+, Dy3+ and NaYF4: Er3+, Yb3+) on silicon PV and dye 

sensitized solar cells, both with and without SEH concentrators. Under an 

A+A+A+ solar simulator at 1000 W/m2, the power conversion efficiency of silicon 

PV devices improved up to 11.1% relative to controls through the addition of 

these materials. At lower irradiances and compared to cells without 

concentrators, the relative efficiency gains were more pronounced and external 

quantum efficiency (EQE) measurements suggested spectral conversion was 

potentially responsible for these enhancements. For a large scale BICPV system, 

a simple analysis showed cost per watt could fall by up to 8.1% and power output 

increase from 19.3 to 21.4 W/m2 through this approach. For the dye sensitized 

solar cells a 53.4% efficiency enhancement (relative to un-doped controls) was 
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achieved with a potential cost reduction of 39.6%. Finally, simple optical models 

(including one developed in-house) and a statistical analysis are used to justify 

the findings and develop understanding of the physical processes behind the 

results, while conclusions are drawn with regards to the future outlook of this 

approach and its impact on the drive towards lower cost sources of clean 

electricity. 
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Chapter 1. Introduction 
 

1.1 Background 

 Anthropogenic climate change is widely regarded as one of the greatest 

challenges facing humanity in the 21st century. This scenario has arisen, in part, 

due to our reliance on the combustion of fossil fuels such as coal, oil and natural 

gas to meet our energy needs. Therefore, the transition away from these power 

sources and towards more sustainable forms of energy will play a crucial role in 

mitigating the impact of climate change. The 2016 Paris Agreement within the 

United Nations Framework Convention on Climate Change [1] commits 

signatories to limit temperature increases to “well below 2°C above pre-industrial 

levels by 2100” and various national governments have their own ambitious 

greenhouse gas emission reduction targets; in June 2019 the UK committed to 

become a net zero greenhouse gas emitter by 2050 [2] and Norway aims to 

achieve the same status but by 2030 [3]. Even India with its rapidly growing 

economy and population hopes to reduce its greenhouse gas emissions per unit 

GDP 33-35% by 2030 against 2005 levels [4].  

 Carbon dioxide from fossil fuel burning leads to 65% of the global greenhouse 

gas emissions; the remainder coming from the carbon dioxide, methane, nitrous 

oxide and fluorinated gasses that accompany agriculture, industrial processes 

and land-use change [5].  In addition, energy production accounts for 72% of the 

global greenhouse gas emissions of which the three main areas responsible for 

46% of these emissions are electricity, heating and transportation [6]. Each of 

these three sectors will need to be decarbonised but there will be a lot of overlap 

due to the potential electrification of heating and transport (i.e. as gas fired boilers 

to provide space heating and hot water and vehicles with internal combustion 

engines are likely to be replaced by electric alternatives). Hence it is arguable 

that finding cheap and reliable sources of electricity with heavily reduced carbon 

emissions is one of the key objectives in the fight against climate change. There 

are many different renewable and low-carbon technologies to harness cleaner 

electricity including nuclear, tidal, wave, geothermal, wind and solar power. Of 

these, solar power has by far the greatest potential; as seen in Figure 1, 23000 

TW of the sun’s energy falls on earth every second, several orders of magnitude 

greater than the 16 TW demand of human civilisation and the total energy 
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received each year by the sun is greater than the potential that could be obtained 

from the reserves of oil, coal, natural gas and uranium combined [7]. 

 

Figure 1: The global energy potential of various renewable and non-renewable 
sources. It can clearly be seen that solar is by far the energy source with the largest 

potential instantaneous power output at 23000 TW. Figure taken from [8]. 

 Traditionally, some renewable energy sources (especially wind and solar) have 

been considered ‘unreliable’, in so far as their power output is highly dependent 

on the weather but as battery storage technology matures this issue will decline 

in significance, making 100% renewable electricity networks technically feasible. 

It then becomes a matter of finance, together with political will, to increase the 

deployment and generation capacities of these technologies in a timely manner. 

While unfortunately scientists are often excluded from the formation of energy 

policy, thankfully due to inevitable technological and market advances, solar has 

now become one of the cheapest forms of electricity with bids for tenders in the 

Middle East for large scale arrays being submitted at $0.02/kWh in 2018 [9]. 

Closer to the UK in Germany, utility scale solar PV is also the cheapest form of 

electricity alongside onshore wind at a cost as low as €0.04/kWh, whereas power 

from coal and gas fired power stations costs €0.05 and €0.08/kWh respectively 

[10]. However, ongoing research and innovation among the scientific community 

aims to bring these costs down further still.  

 There are two ways of generating electricity from sunlight, solar photovoltaics 

(PV) and concentrating solar power (CSP). Despite both requiring the same solar 

radiation as an input, the processes are completely dissimilar. CSP operates by 
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focussing sunlight onto a fluid which it heats, and the resulting steam is used to 

drive a turbine much like in a conventional fossil fuel power station. On the other 

hand, solar PV is based on the photovoltaic effect which was first observed by 

Becquerel in 1839 [11]. This phenomenon occurs in semiconductor materials that 

can covert the energy of an incident photon directly into electricity after it is 

absorbed to create an electron-hole pair which (provided they are kept apart) 

causes a solar cell to produce a steady current. Although CSP certainly has a 

role to play in providing cleaner energy, PV has several advantages over the 

technology including its ability to utilise non-direct (diffuse) radiation and minimal 

maintenance requirements. This means sizable energy yields can be produced 

from PV, practically all over the globe, at a lower cost than CSP which is only 

suitable for regions with high direct normal irradiance. Therefore, the scope of 

this thesis will be limited to solar PV and the search for methods and materials to 

enhance its performance, thereby lowering its deployment costs and easing in 

the transition to a zero-carbon economy.  

1.2 Solar PV 

 The generation capacity of solar PV has undergone a rapid expansion in recent 

years (an estimated 512 GW of PV has been cumulatively installed worldwide as 

of 2018 [12] compared to 5.11 GW 2005 [13] and just 566 MW in 1998 [14], cf. 

Figure 2) and these values are predicted to continue to grow exponentially 

throughout the first half of the 21st century, reaching a capacity of 63.4 TW by 

2050 [15]. This surge in activity has been due to and accompanied by plummeting 

costs of PV. Often quoted are the cost per watt peak ($/Wp, the power in watts at 

maximum output) and the levelized cost of electricity (LCOE) given in $/kWh. The 

former is simply the cost of the module divided by its maximum power output 

whereas the latter is the average cost of each unit of electricity generated over 

the system’s lifetime. Naturally, both of these quantities have fallen dramatically 

in recent years; the most common types of solar PV cells that make up 

commercial modules have seen a drop in price from $77/Wp in 1977 to less than 

$1/Wp today, representing a compound cost reduction of approximately 75% per 

decade in a trend known as Swanson’s law [16]. However, there are a range of 

solar PV technologies available each with varying performances and potential 

advances to be made, such that even lower cost clean sources of electricity can 

be realised.  
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Figure 2: The cumulative solar PV generation capacity from 2005-2018. An exponential 
growth is observed with the total amount installed approximately doubling every 3 

years in the last decade. Data from [12], [13] and [14]. 

 

1.2.1 Solar PV Technologies 
 

 The PV market of today is dominated by crystalline silicon (c-Si) solar cells, a 

well-established technology that has a 90% market share [17]. These so called 

‘first generation’ cells can be further divided into mono-crystalline and multi-

crystalline depending on their crystal structure. The designs of c-Si solar cells 

have evolved, and state-of-the-art devices are approaching their practical 

efficiency limits [18]. The cells can also be either mono-facial or bifacial, the latter 

having the potential to generate power when illuminated on both surfaces. 

However, the reliance on silicon wafers and other metals used in device 

architectures such as indium, tin and silver, along with resource intensive 

fabrication processes has driven the search for alternative materials.    

 Thin-film or ‘second generation’ technologies comprise of amorphous silicon (a-

Si), copper indium gallium selenide (CIGS) and cadmium telluride (CdTe) solar 

cells. As the name suggests, these solar cells are much thinner than their c-Si 

predecessors, so use less material for environmental benefits and also have the 

advantageous properties of a low weight, semi-transparency and flexibility [19]. 

a-Si solar cells typically undergo hydrogenation to improve photoconductivity and 
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addition of carbon can raise the band gap leading to more efficient heterojunction 

structures [20]. Despite this environmental advantage, their efficiencies are 

typically lower than silicon, so their entry into the market has been gradual, only 

achieving a 10% market share.   

 Emerging or ‘third generation’ solar cells consist of organic solar cells (OSC), 

copper zinc tin sulphide (CZTS) solar cells, dye sensitized solar cells (DSSC), 

quantum dot solar cells (QDSC) and perovskite solar cells (PSC). Most of these 

technologies utilise nanostructures, and hence even fewer raw materials, to 

produce electricity and like second generation cells, they may be semi-

transparent and flexible, giving rise to many useful potential applications. 

Perovskite in particular has attracted much interest with its remarkable rise in 

efficiency (from 3.8% in 2009, to 25.2% in 2019 [21, 22]), but issues with the long-

term stability of all these technologies due to the sensitivity of their photoactive 

materials to heat, humidity and prolonged light exposure persist and it is this 

challenge that limits their wide scale commercial deployment.  

 Finally, tandem or multi-junction solar cells are a concept to harness a greater 

portion of the sunlight’s energy (a central theme of this thesis) by combining 

materials which absorb different regions of the solar spectrum. This can be 

achieved by mechanically stacking two or more solar cells on top of each other 

or through lattice matching, a monolithic structure. Combinations of up to four 

group III-group V semiconductors in a monolithic structure have attained the 

highest efficiencies but there is immense potential for simpler tandem devices in 

which OSCs or a PSC would be fixed on top of a c-Si solar cell (leading to a 

potential device efficiency above 30% at a much lower cost than III-V technology). 

Oxford PV have already achieved 28.0% efficiency [23] for a perovskite-silicon 

tandem device and as part of a £5 million research project are targeting 37% 

within 5 years [24]. However, this method while yielding impressive results is 

prohibitively expensive to be a catch all solution to the issue of limited solar cell 

efficiency. The solar cells used for the experiments conducted within thesis, with 

the aim to enhance device efficiency and lower cost per watt without using 

multiple junctions, were c-Si and DSSCs whose structure and operation 

principles will be discussed in detail in 1.3 and 5.2 respectively. The record 

efficiency of various PV cell technologies and their potential cost per Wp are 

presented in Figure 4 and Table 1, respectively.  
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Figure 3: The contemporary maximum efficiency achieved by PV devices of different 
solar technologies since the 1970s as verified by the National Renewable Energy 

Laboratory [22]. 



39 
 

Technology 
Maximum 
efficiency 

(%) 

Cost per Wp 
($) 

Ref. 

Silicon (monocrystalline) 26.1 0.28 [25] 
Silicon (multi-crystalline) 22.3 0.20 [25] 

Silicon (amorphous) 14.0 0.30-0.40 [26] 
Copper Indium Gallium Selenide 23.4 0.50 [27] 

Cadmium Telluride 22.1 0.29 [28] 
Dye Sensitized 11.9 0.25-0.40 [29] 

Perovskite 25.2 0.10-0.20 [30] 
Perovskite-Silicon Tandem 28.0 0.25-0.30 [31] 
Concentrator Multi-junction 47.1 1.00 [32] 

Table 1: Maximum cell efficiency and cost per Wp for various solar technologies. 
Maximum efficiencies from [22]. 

1.2.2 CPV 

 Optical concentrators have found a use in the PV sector as researchers seek to 

achieve the focussing of light onto smaller areas of solar cells. Concentrating PV 

(CPV), not to be confused with CSP, has a number of potential advantages 

including the increased light flux leading to higher cell efficiencies and reduced 

PV material usage to attain the same power output at a lower cost, by replacing 

large area cells with optical components [33]. 

 The increased intensity light can be realised through the use of various optical 

systems; the most common approaches are Fresnel lenses, parabolic mirrors or 

3D concentrators [34]. As shown in Figure 4, a Fresnel lens operates via 

refractive optics and parabolic mirrors by reflection, both focussing incoming rays 

onto a smaller receiver area. 3D static concentrators on the other hand work on 

the principle of total internal reflection which occurs when light travelling through 

a dielectric material of refractive index (n) encounters a boundary of another 

media (typically air where n ≈ 1) above a certain critical angle (θC) given by:  

𝜃𝐶 = sin−1 (
1

𝑛
)  (1) 

 This process, in addition to the light that passes straight down through the exit 

aperture, causes higher concentrations of light to be attained on the solar cell. 

There are several possible geometrical designs of this type of concentrator as 

shown in Figure 5. Another class of static concentrator which has attracted much 

interest are luminescent solar concentrators (LSC). These have a different 

appearance as compared to conventional concentrators and operate on a distinct 
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yet novel concept; luminescent particles within the LSC can absorb and re-emit 

light which then undergoes total internal reflection (TIR) to be directed to the 

edges where PV cells are located [35].  

 

Figure 4: The working principles and designs of two types of optical concentrator used 
in HCPV systems: a) Fresnel lens and b) Parabolic reflecting mirror. 

 CPV systems can be categorised by their light concentration levels attained 

which are given in n suns or simply n X, where n is the number of times greater 

these values are than the ambient solar radiation intensity. There are no fixed 

definitions, but low concentrating PV (LCPV) devices typically operate at 1-10 X 

whereas high concentration PV (HCPV) systems operate at >1000 X. Medium 

concentration PV (MCPV) is occasionally classified as an intermediate level 

between the two extremes. Typically, Fresnel lenses and parabolic mirrors find 

applications in HCPV alongside small area, high efficiency multijunction III-V 

solar cells, whereas 3D static concentrators and LSCs are used for LCPV 

systems that typically utilise silicon PV [36].  
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Figure 5: The designs of six types of optical concentrator used in LCPV systems that all 
operate via TIR: a) Luminescent solar concentrator, b) 3D static square elliptical 

hyperboloid (SEH) concentrator, c) 3D crossed V-trough, d) 3D polygonal compound 
parabolic concentrator (CPC), e) 3D crossed CPC and f) lens walled CPC. 

 As with solar cells, optical components will have a non-ideal efficiency since light 

is lost through various mechanisms including: unwanted reflection and chromatic 

aberration effects (in refractive optics), non-uniform surface smoothness and 

shading by the cell (in reflective optics), incoming light being at a greater incident 

angle than can be accepted by the concentrator, parasitic absorption by the 

transparent 3D concentrator medium or luminescent particles, scattering at 

interfaces and light escaping the concentrator (where in TIR based optics, the 

internally travelling light hits the sides at an angle less than θC) [37, 38]. To 

account for this, the terms geometric concentration ratio and optical efficiency are 

used to describe concentrators for solar photovoltaic applications. The geometric 

concentration ratio (G) is defined as the ratio of the area of the light collecting 

surface to the area of the illuminated cell. On the other hand, the optical efficiency 

(ηopt) is a measure that depends on the ratio of the light flux at the exit aperture 

of the concentrator to the light flux at its entry. The product of the optical efficiency 

and the geometric concentration ratio gives the intensity of the light (C, in terms 

of n suns) on the solar cell. It can also be calculated by comparing the power or 

current of the PV cell at 1 sun (i.e. with no concentrator) and with the concentrator 

(due to the linear relationship between light intensity and current/power for non-

large n) [39].  
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 As of 2017, cumulatively 370 MW of CPV generation capacity has been deployed 

worldwide (< 0.1% of the total global PV capacity which was 400 GW at the time). 

In addition, yearly installed CPV capacity has declined from a peak of 120 MW in 

2012 to just 14 MW in 2016 as the technology struggled to compete with the 

falling costs of non-concentrating silicon modules. HCPV systems make up the 

overwhelming majority of this capacity and despite a short period of growth in 

2012-14, the deployment of LCPV systems has flatlined [40]. The challenges 

faced by CPV which have prevented wider expansion of the sector include the 

expensive tracking mechanisms required (higher concentration level optics 

cannot utilise indirect or diffuse radiation, so require single or multi-axis tracking 

to follow the sun across the sky) and thermal management techniques to prevent 

overheating [41] (which lowers solar cell performance and in extreme cases 

destroys them entirely through cracking). Hence, it could be worth revaluating the 

potential of LCPV as a facilely produced and maintained alternative.  

1.2.3 BIPV 
 

 Buildings use a significant portion of the world’s total energy consumption 

(estimated at 36% in 2018 [42]), so making them more sustainable is a key task 

within the efforts of global decarbonisation. Furthermore, buildings being in 

control of their own electricity supply, decentralises the electricity network with 

technical and socioeconomic benefits. These challenges have led to a growing 

demand for building integrated PV (BIPV) systems in which the PV cells are 

incorporated into the architectural design for aesthetic, financial and performance 

benefits. Key elements of the building such as a façade, glasses and roofing may 

be replaced, in part or fully, with PV generating components. Designs have been 

proposed for BIPV to take many forms as shown in Figure 6. These not only 

include common parts of standard dwellings such as windows, glazing and tiles, 

but also novel urban architectures such as noise barriers or canopy shading. As 

of 2018, 2.3 GW of BIPV capacity has been installed worldwide [43] (< 1% of the 

total global PV capacity), and the BIPV sector is a rapidly growing market worth 

$(US) 1 billion in global annual commercial revenue and predicted to grow to $7 

billion by 2026 [44]. These figures do not include building applied photovoltaics 

(BAPV) which is defined as PV not specifically designed for buildings but 

retrofitted to existing structures.  
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Figure 6: Images of BIPV systems: a) PV modules integrated as roof tiles for a slate 
effect [45], b) roof and ceiling made from PV modules for sky lighting effect [46], c) 
LCPV module based on SEH concentrators that could form part of a window due to 

high transparency [47] and d) flexible PV modules attached to the surface of a curved 
building [48]. 

 The concepts of CPV and BIPV may be combined to give the field of building 

integrated concentrator PV (BICPV). This joining together of ideas can be 

beneficial for each field as the use of concentrators can add performance and 

architectural benefits. For example, LSCs with their range of potential colours 

depending on the luminescent materials are ideally placed to make stunning 

contributions to the architecture of a building. Furthermore, low concentration 3D 

static concentrators have been envisaged as semi-transparent building blocks 

when combined with an array of silicon cells.  

 This thesis will attempt to tie together the challenges of CPV and BIPV by 

primarily aiming to enhance the performance of a specific LCPV system with 

building integration potential. Firstly, in any attempt to improve device efficiency, 

the fundamentals of loss mechanisms within a solar cell must be clearly 

understood.  
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1.3 Fundamental Limits of Solar Cell Efficiency 
 

 To understand the fundamental limits of the efficiency of a solar cell, its source 

of input energy, the photons which make up the solar spectrum, must be 

considered. Photons are the quanta (pockets of defined energy) which carry the 

electromagnetic force and may interact with matter. The energy, E, of a photon 

is inversely proportional to its wavelength, λ, as given through the Planck relation: 

𝐸 =
ℎ𝑐

𝜆
  (2) 

 In this expression, h is the Planck constant (6.63 × 10-34 J s) and c the speed of 

light in a vacuum (299792458 m/s). The sun, the ultimate source of all light the 

Earth receives, is a G type star with a surface temperature of approximately 6000 

K, which if assumed to be a black body (a good approximation) leads to an 

emitted spectrum with the following profile according to Planck’s law, in which 

Bλ,T is the spectral radiance (measured in power per unit solid angle, area and 

wavelength), T is temperature of the black body and k the Boltzmann constant 

(1.38 × 10-23 J/K) .   

𝐵𝜆,𝑇 =
2ℎ𝑐2

𝜆5

1

exp(
ℎ𝑐

𝜆𝑘𝑇
)−1

  (3) 

 The primary concern for collecting solar energy then becomes not the spectrum 

emitted by the sun, called the radiance, but the radiation power received per unit 

area and wavelength here on the Earth, known as the irradiance. This can be 

estimated at the edge of the Earth’s atmosphere, by multiplying the sun’s black 

body spectral radiance by its surface area then dividing by the area of a sphere 

with radius 1 astronomical unit (1.50 × 1011 m, the distance from the Earth to the 

sun) [49]. Clearly as a result of absorption from the Earth’s atmosphere, 

especially at certain wavelengths due to the presence of ozone, oxygen, water 

vapour and carbon dioxide, the solar irradiance spectrum at ground level will differ 

significantly from that at the edge of space. This leads to concept of an air mass 

(AM) solar spectrum which accounts for the presence of these gasses. The most 

commonly used are AM 0 (i.e. no atmosphere), AM 1 (when the light has travelled 

through one atmosphere to a horizontal panel directly under the sun, useful for 

regions close to the equator) and AM 1.5 (when the sun is at a zenith angle of 
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48° on a south facing panel at a pitch of 37°, a good approximation for northern 

hemisphere latitudes close to the world’s major population centres in Asia, 

Europe and North America). AM 1.5 can be further divided into 1.5 D and 1.5 G; 

D only accounts for the direct radiation received whereas G includes the global 

radiation received from other sources (reflection and scattering) with an 

irradiance value of 963.8 W/m2 based on data averaged from the 48 contiguous 

US states. AM 1.5 G has become the standard test condition for evaluating solar 

cell performance and its irradiance is often normalised to 1000 W/m2 for 

convenience [49]. The key spectral irradiance profiles are presented in Figure 7. 

 

Figure 7: The solar irradiance spectrum here at Earth in terms of: that derived from the 
black body spectrum of the sun (black line), the actual radiation received at the top of 
the Earth’s atmosphere, AM0 (shaded yellow) and the actual radiation received at the 

Earth’s surface after absorption by the atmosphere, AM 1.5 (shaded red) [50]. 

 Once the input energy and spectrum has been determined, the efficiency and 

loss mechanisms of an arbitrary solar cell may be explored. A property of any 

semiconductor is the band gap energy (EG) which is the difference in energy 

between the valence band and conduction band. These are the two states where 

electrons can exist, either fixed to an atom as in an insulator or free to flow around 

the material like in a conductor (cf. Figure 8). 
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Figure 8: A simple diagram of the band structure in three types of material. In insulators 
the valence bands are full and there is a large energy gap between this band and the 
conduction band. Conversely for conductors, the electrons can move freely between 
the two bands. Finally, in semiconductors the energy gap between the valence and 

conduction band is smaller such that a photon can promote an electron to the 
conduction band and create a hole. This process is known as the photovoltaic effect 

[51]. 

 The photovoltaic effect allows for electrons in semiconductors to be promoted to 

the conduction band via the absorption of a photon. In reality, the incident photons 

on a solar cell have a range of energies as per the AM 1.5 G spectrum. This 

means if a photon with E < EG falls on a solar cell its energy is insufficient to 

release electrons into the conduction band and it is not absorbed, so no current 

is generated; for c-Si solar cells, 20% of the total spectrum has energy less than 

EG and is not harnessed for electrical power [52]. On the other hand, for photons 

with energy E > EG, current is generated but the conduction band electrons now 

possess excess kinetic energy which is dissipated as heat via emission of 

phonons into the lattice as electrons relax to the edge of the conduction band 

(sometimes referred to as thermalisation losses, which account for 35% of 

incident spectral power for c-Si [53]). Collectively, these issues are known as the 

‘spectral mismatch’ and are arguably the fundamental reason for limiting the 

efficiency of a single junction cell under ambient sunlight. The different PV 

technologies described in 1.2.1 will have different band gaps, so these losses will 

vary depending on the semiconductor properties; in c-Si EG = 1.1 eV whereas for 

a-Si, EG = 1.7 eV, so a higher portion of the spectrum (almost 50%) will be non-

absorbed and lower portion (14%) lost through thermalisation [54].  

 Moving beyond the solar spectrum, the dynamics and collection of charge 

carriers (electrons and holes) within a solar cell must also be considered. A typical 

silicon solar cell has a p-n junction which forms when a p-type semiconductor 

(with an excess of holes attained by doping impurities that accept electrons such 

as boron) comes into contact with an n-type semiconductor (with an excess of 
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electrons achieved by doping electron donator impurities like phosphorus). In this 

case, the boundary becomes a depleted region with no excess charge carriers 

as electrons from the n-type semiconductor fill vacant holes at the edge of the p-

type (and vice versa, as holes travel from the p-type to the n-type to accept 

electrons), creating an electric field between the two areas since the n-type 

semiconductor is now positively charged at its edge and the p-type negatively at 

its. Upon illumination, electron-hole pairs can be formed in the p or n-type layer 

of the cell but to generate a current they must make it out of their layer and around 

the cell through surface or rear conducting contacts, where electrons may do 

work if connected to an external load via metallic contacts as shown in Figure 9.  

 

Figure 9: The structure and working principle of a typical single junction silicon solar 
cell. Electron-hole pairs are generated by photons in the p-type base and the charges 
travel in opposite directions; electrons across the p-n junction to the emitter and front 

contact, and holes to the rear contact. When the front and rear contacts are connected 
via an external load a light generated current flows [55].  

 The n-doped silicon ‘emitter’ typically is situated on top of the p-doped ‘base’ and 

as in a diode, the p-n junction acts to restrict the flow of charge to unidirectional; 

due to the electric field, electrons can only move from the p-type to the n-type 

whereas holes can only move from the n-type to the p-type. Nevertheless, 

electrons in the p-type region and holes in the n-type are minority charge carriers, 

so have a limited lifetime and diffusion length before they may recombine with a 

majority charge carrier, emitting a photon (radiative recombination) or phonon 

(non-radiative recombination) in the process [55].  

 However, electron-hole pair generation from photon absorption/radiative 

recombination is a reversible process, and the principle of detailed balance states 
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that: “Corresponding to every individual process there is a reverse process, and 

in a state of equilibrium the average rate of every process is equal to the average 

rate of its reverse process” [56]. This means, at equilibrium, the rate of electron-

hole pair generation must equal the rate of recombination. Therefore, the 

radiative recombination of charge carriers within the cell are another fundamental 

and unavoidable source of efficiency loss. In 1960 using this principle, Shockley 

and Queisser produced a model for the maximum theoretical limit of the efficiency 

of a single junction cell of arbitrary band gap and under the radiation of a 

blackbody sun. It was found for c-Si cells (EG = 1.1 eV) that the highest possible 

efficiency would be approximately 30% [57]. 

The current-voltage (I-V) relationship (and hence output power) for an ideal cell 

was also determined to be: 

𝐼 = 𝐼𝑆𝐶 + 𝐼0 (1 − exp (
𝑉

𝑉𝐶
))  (4) 

Where ISC is the short-circuit current (sometimes denoted JSC when referring to a 

current per unit area or current density) and is equal to the current when V = 0 

(i.e. when the cell is short circuited).  It is an intrinsic property of a cell depending 

on the rate of electron-hole pair generation which itself is related to EG (the higher 

value of EG, the lower the ISC and vice versa) and light intensity (ISC rises linearly 

with increasing irradiance). I0 is the saturation current which ultimately depends 

on the rate of recombination within the cell and VC is the thermal voltage given 

by:  

𝑉𝐶 =
𝑘𝑇

𝑒
  (5) 

 In this is expression e = 1.60 × 10-19 C, the elementary charge. The open-circuit 

voltage (VOC) can also be defined for the condition when I = 0 (i.e. when the circuit 

is open). 

𝑉𝑂𝐶 = 𝑉𝐶 ln (
𝐼𝑆𝐶

𝐼0
+ 1)  (6) 
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Figure 10: Graph to show the useable electrical power and sources of efficiency loss 
for single junction solar cells of varying band gap under the Shockley-Queisser model. 
The maximum theoretical efficiency is approximately 30% for a 1.1 eV band gap device 

[58].  

 Through analysis of the dependence of I0 on temperature, VOC can be shown to 

decrease sharply with increased temperature and from the linear relationship of 

light intensity and ISC, it can be shown VOC rises logarithmically with light 

concentration. Furthermore, and in contrast to ISC, a higher EG of the 

semiconductor leads to a greater VOC. Hence, when selecting the optimal band 

gap for a single junction solar cell there is a trade-off in the voltage and current 

produced, in turn affecting the maximum performance but as seen in the above 

Figure 10, an EG of 1.1 eV as per c-Si is a sensible value for harnessing the most 

usable electrical power. The output power is given by the voltage multiplied by 

the current and will be a maximum at the point VMP, IMP on the graph (cf. Figure 

11).  

 

Figure 11: A typical I-V profile of a solar cell (the red curve) in which the y-intercept is 
the ISC and x-intercept VOC. The blue curve is the power generated by the cell which 

reaches a maximum at point VMP and IMP [59]. 
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The fill factor (FF) may also be defined as [59]: 

𝐹𝐹 =
𝐼𝑀𝑃𝑉𝑀𝑃

𝐼𝑆𝐶𝑉𝑂𝐶
                                        (7) 

 In this relation, VMP and IMP are the respective voltage and current at the 

maximum power output. This relationship can be quantitatively measured for real 

devices, by connecting them to an I-V tracer which can apply a bias to give an I-

V curve. The peak power output of the cell divided by the incident light intensity 

(usually 1000 W/m2) will give the efficiency of the device, often called the power 

conversion efficiency (PCE).  

Another type of efficiency can also be of interest, the external quantum efficiency 

(EQE) at a given incident photon wavelength (λ) which may be defined as follows: 

𝐸𝑄𝐸 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐ℎ𝑎𝑟𝑔𝑒 𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑝𝑎𝑖𝑟𝑠 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑛𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
  (8) 

 The EQE varies as a function of wavelength as photons of different energies will 

generate photons with various degrees of effectiveness; photons with E < EG will 

not lead to charge carrier generation, so will have an EQE of 0%. The internal 

quantum efficiency (IQE) can also be defined as the number of charge carriers 

generated divided by the number of photons actually absorbed by the solar cell, 

in order to account for optical losses. The short circuit current density can be 

obtained from an input irradiance spectrum and photon flux φ(λ) from the EQE 

using the formula: 

𝐽𝑆𝐶 = 𝑒 ∫ 𝜑(𝜆)𝐸𝑄𝐸(𝜆) 𝑑𝜆
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛
   (9) 

 In a real cell, the EQE is reduced at short wavelengths due to front surface 

recombination and at longer wavelengths (E ≈ EG) due to recombination at the 

rear surface [60]. The EQE is related to another quantity, the spectral response 

(SR) which is simply given by the output current divided by the incident radiation 

power at a certain wavelength and measured in A/W. For an ideal cell, its SR 

profile should be a right-angled triangle rising from the origin with a maximum 

value at λ = hc/EG before falling to zero for λ > EG. For the same reasons as with 

EQE, the SR profile is different due to due to front and rear surface recombination 
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effects. It is easier to experimentally measure spectral response directly than 

EQE, so it is the quantity recorded initially in characterisation. Spectral response 

can then be converted to EQE using the following relation [61]: 

𝐸𝑄𝐸 =
1239.8 ×𝑆𝑅

𝜆 (𝑛𝑚)
   (10) 

 As previously discussed, radiative recombination is unavoidable in solar cells 

and the spontaneous emission from this process is dependent on temperature 

and limits the voltage, fill factor and efficiency of the cell. For c-Si cells every 1°C 

increase in temperature leads to a 2-2.3 mV decrease in voltage and 0.4-0.5% 

relative decrease in PCE [62]. Therefore, cooling solar cells, particularly in LCPV 

systems, through passive and active techniques, such as circulating water or 

placing wax materials in a rear container to capture the heat and use it to change 

their phase, lowering the cell temperature since the energy is absorbed as latent 

heat, have been researched as a way to lower their operating temperature and 

improve electrical performance.  

 Avoidable recombination in c-Si cells may also be reduced by techniques such 

as a passivated emitter rear cell (PERC) design and heterojunction technology 

(HJT). In the former, a dielectric passivation layer is added to the base of the 

solar cell to greatly reduce the rate of recombination at the rear interface [63], 

and in the latter, the p-type c-Si (emitter in Figure 9) is replaced by thin layers of 

a-Si, lowering the front surface recombination, reducing production costs and 

leading to smaller performance curtailment at higher temperatures (only -0.2% 

per °C, meaning they have high potential for use in LCPV systems [64]). These 

methods have led to significant advances in c-Si device performance, as 

demonstrated by Figure 3 in which their maximum efficiency growth has 

stagnated in recent years, leading many to predict practical limits are within 

reach. Other non-fundamental losses include optical losses due to non-complete 

absorption of the semiconductor material, shading from metal contacts and 

reflection of useful photons occurring at its front surface. Again, these issues have 

been widely studied and may soon be practically eliminated through the ongoing 

use of anti-reflective coatings [65], textured front surfaces, transparent 

conducting oxides and metal nanoparticles to scatter light which increases its 

path length (and hence absorption probability) within the cell [66]. Finally, 

parasitic shunt and series resistance losses may hamper cell efficiency and their 
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causes must be considered in cell design. Shunt resistances occur due to 

alternative paths forming for the charge carriers to travel, often as a result of 

material impurities. On the other hand, series resistance takes place due to lateral 

conduction in the semiconductor, the contact resistance (between the 

semiconductor and metal contact) and the resistance of the metal contacts 

themselves. 

 Since the above-mentioned issues have been largely solved by as described 

techniques, limiting their occurrence will be beyond the scope of this thesis. 

Neglecting non-radiative recombination, it is the wavelength profile of the incident 

photons responsible for the majority of fundamental losses in a solar cell, so it is 

this that will emerge as a focus of the work presented.  

 The Shockley-Queisser model has proven highly useful for describing the 

behaviour of single junction solar cells, however, and fortunately for photovoltaics 

researchers, a number of assumptions in the model don’t necessarily have to be 

adhered to. Firstly, it was assumed the incoming light was of the ambient solar 

intensity which as seen through the development of CPV systems, doesn’t have 

to be the case. The short-circuit current increases linearly with light intensity and 

the open-circuit voltage rises logarithmically, so the efficiency of single junction 

devices will be enhanced under  greater concentrations of light, up to a maximum 

of 40% at 46200 suns [67] (the highest achievable geometric concentration of 

solar radiation).  

 Secondly, their model only considered single junction solar cells and from Figure 

3 it can be observed multi-junction solar cells have already achieved higher 

efficiencies than the Shockley-Queisser limit (47.1% in 2019). This method 

attempts to overcome the spectral mismatch by utilising semiconductors of 

varying bandgaps to absorb different regions of the solar spectrum in a more 

optimal manner. De Vos produced a detailed balance calculation for a solar cell 

made from an infinite stack of differing band gap semiconductors and derived a 

maximum theoretical device efficiency of 68% under 1 sun [68]. This value could 

potentially reach 86% under the highest solar concentration which is the same 

for the separately derived thermodynamic limit; if we consider the solar cell to be 

a Müser engine operating between 290 K (Earth temperature) and 6000 K (sun 

temperature) [69]. Wurfel and others have used thermodynamic approaches to 
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derive efficiency limits and models for various solar cell scenarios and these are 

presented in a recent review by Rawat et al [67].  

 Given these promising hypothetical efficiencies, it may seem that multi-junction 

solar cells combined with HCPV should be the priority of solar researchers. 

However, as seen in 1.2.2, there are practical problems around their wide scale 

deployment and prohibitive costs. As a result, it is more than worthwhile to 

explore alternative ways of achieving higher efficiencies at a lower cost per watt, 

potentially leading to a paradigm shift in how solar cell performance is optimised. 

Proposed concepts include: multiple exciton generation (MEG) in which multiple 

electrons may be promoted to the conduction band by a single photon (EQEs of 

greater than 100% have been demonstrated in QDSCs by Semonin et al in 2011 

[70]), intermediate band photovoltaics in which impurities allow for sub EG 

photons to reach the conduction band via an intermediate energy level (the 

potential of this approach is immense but increased recombination has limited its 

effectiveness [71]), and finally spectral conversion, where the incident photons 

rather than the PV cells themselves are modified. It is the latter which of interest 

to this thesis, as there is a mature and evolving field of literature to drive these 

investigations on and materials may be applied (with relative ease) to existing 

solar cells without having to modify their internal structure.  

1.4 Spectral Conversion 
 

 Spectral conversion is a phenomenon which changes the energy of a photon 

after it is absorbed by a molecule. Therefore, it can be regarded as a form of 

photoluminescence; for most cases fluorescence but occasionally 

phosphorescence depending on the spin states and decay lifetime. Spectral 

conversion can be a Stokes or anti-Stokes shift, depending on whether the 

emitted light is of a lower or higher energy. This area of interest has applications 

in diverse areas of physics including lighting displays and medical imaging. 

Naturally, this thesis will attempt to assess the potential impact of materials 

exhibiting this behaviour on photovoltaics, as first proposed by Wolf in 1960 [72].  

 The three process of note are upconversion (UC), downconversion (DC) and 

luminescent downshifting (LDS). The basic concept of each is outlined in Figures 

12 and 13, while subsequent sections elucidate how these processes may aid 

solar cell performance.  
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Figure 12: The basic concept of spectral conversion is to harness more energy from 
the parts of the spectrum that are not fully utilised. The green shaded area represents 
the energy that can be used by a silicon solar cell, the red that which may be captured 

via UC of low energy photons and the blue that which can be utilised by DC of high 
energy photons. 

 

 

Figure 13: Examples of three spectral conversion processes: a) UC where two low 
energy photons are combined to make a single higher energy photon, b) DC where the 

energy of one high energy photon is split between two lower energy photons and c) 
LDS where the energy of a single high energy photon is reduced. The generalised 

energy level picture is also shown for each process.  
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1.4.1 Upconversion 
 

 Upconversion (UC) is an anti-Stokes shift process whereby the energy of two 

low energy photons are combined into a single higher energy photon, following 

absorption and reemission by a luminescent particle. First observed by 

Bloembergen, this phenomenon has the potential to improve solar cell 

performance since incident photons with E < EG may undergo UC to become a 

photon with E ≥ EG, increasing the amount of current able to be generated [73]. 

Trupke et al showed the theoretical efficiency limit of a solar cell, if all sub band 

gap photons could be harnessed via UC, increases to 47.6% at 1 sun illumination 

and 63.2% at the highest possible light concentrations [74].  

 UC layers have typically been placed below a solar cell (cf. Figure 14), so that 

light transmitted by the solar cell is then captured and redirected towards a 

bifacial cell with the aid of a reflector, once its photons’ energies have been 

converted [53]. However, this conceptual design is not always the case and, as 

shall become apparent, for emerging solar technologies the UC materials may be 

incorporated within the photoactive layers. 

 

Figure 14: Design of a UC-PV system in which transmitted sub-band gap radiation is 
absorbed by the UC layer and converted to wavelengths that can be used to generate 

current upon being re-directed to the bifacial solar cell above.  
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 UC processes have been observed in several luminescent particles such as rare 

earth ion containing compounds, organometallic dyes or quantum dots (QDs); a 

detailed collection of studies on the application of specific compounds will be 

presented in chapter 2. However, proposed mechanisms for each of these 

materials are presented in Figure 15. Firstly, UC in rare earth ions has been 

shown to occur via 5 proposed mechanisms [75, 76]:  

1. Ground state absorption / excited state absorption (GSA/ESA), a process 

involving one ion in which an electron is elevated to an excited state after 

absorbing a photon. It then absorbs a secondary photon while in the 

excited state, taking the electron to a higher energy level still, before 

decaying radiatively to the ground state during which a photon with the 

combined energies of the two absorbed photons is emitted.  

2. Energy transfer upconversion (ETU), a process involving two ions where 

both absorb a photon to an excited state before one ion (the sensitizer) 

transfers its energy to the other (the activator). The activator then emits a 

higher energy photon when it returns to its ground state.  

3. Photon avalanche (PA) upconversion occurs when there is an energy 

mismatch between absorbed photons and the intermediate/final states, 

causing an exponential population of intermediate excited states via cross 

relaxation resonance.  

4. Cooperative energy transfer (CET), a three-step process involving three 

ions in which two sensitizer ions are excited and transfer their energy to a 

third ion in the ground state. 

5. Energy migration upconversion (EMU), a four-step process that takes 

place in a core-shell nanostructure and uses four ions: a sensitizer, 

accumulator, migrator and activator.  
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Figure 15: Energy level diagram representation for the proposed UC mechanisms 
within rare earth ions: a) excited state absorption (ESA), b) energy transfer 

upconversion (ETU), c) photon avalanche (PA), d) co-operative energy transfer (CET) 
and e) energy migration upconversion (EMU). Modified from [75].   
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UC in organometallic dyes can happen via a different process called triplet-triplet 

annihilation (TTA) involving the spin states of a molecule. The steps are 

summarised by Cheng [77] and presented in Figure 16: 

1. A low energy photon is absorbed by a sensitizer in the ground state. 

2. Intersystem crossing introduces the first triplet state. 

3. The energy from this triplet state is transferred via a (Dexter) triplet energy 

transfer process to a ground state emitter molecule which is excited to a 

triplet state. 

4. TTA then occurs when two emitters in the excited triplet state undergo a 

collisional complex, yielding one in a (higher) excited singlet state and one 

in the ground state. 

5. The excited singlet state decays, emitting a higher energy photon 

 

Figure 16: Energy level diagram for the states and steps involved in UC via TTA. The 
numbered processes are referred to in the text. Modified from [77]. 

 UC may also occur within QDs, semiconductor nanocrystals whose electron-hole 

pairs are confined in 3D space, via two mechanisms outlined in the diagram 

below. The absorption properties of QDs depend on their size, which makes them 

ideal for photoluminescence and PV applications as they can be fine-tuned to 

respond to a particular wavelength [78]. In a typical system, two QDs of varying 

band gap are connected by a semiconductor rod. For UC to occur, a photon 

undergoes absorption in the lower energy QD, creating an electron-hole pair. 

Then, a second photon is absorbed by the same QD which permits the hole to 

tunnel the potential barrier into the higher band gap QD. Finally, the hole 

recombines and emits a photon of higher energy than the ones absorbed. There 
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are two ways this process can take place as shown in Figure 17 through direct 

intraband hole absorption or Auger mediation [79]. 

 

 

Figure 17: Diagram of the potential UC processes within QD nanostructures. The 
overall process for QDs 1 and 2 which are connected by a semiconductor rod is shown 
at the top of the figure. This can occur in two ways: a) direct intraband hole absorption 

and b) an Auger mediated process. Modified from [79]. 

 Finally, UC can happen via a different concept altogether; rather than relying on 

absorption and emission from the energy levels within molecules, the same 

outcome can follow the heating of a material, resulting in so-called ‘thermal 

upconversion’. This is achieved by shifting the peak wavelength of an object’s 

blackbody spectrum to a shorter wavelength which accompanies a rise in 

temperature due to Wien’s displacement law:  

𝜆𝑚𝑎𝑥 =
𝑏

𝑇
  (11) 

 In this formula λmax is the peak wavelength, T the temperature of the body and b 

Wien’s displacement constant equal to 2.90 × 10-3 m K. As demonstrated in 

Figure 18, ions in the lattice may absorb low energy photons which then undergo 
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relaxation via multi-phonon emission, leading to a temperature increase of the 

material through energy transfer. Hence, the blackbody is shifted, meaning a 

greater number of high energy photons are emitted. If this emitted thermal 

radiation can be directed towards a solar cell, then it will result in a greater portion 

of the originally incident radiation being above the bandgap and able to generate 

electricity, thus enhancing the performance of the PV device [80].  

 

 

Figure 18: The concept of UC via thermal radiation. Infrared photons are absorbed by a 
material and, by multi-phonon relaxation, raise the material’s temperature. This in turn 
shifts the peak of the emitted black body radiation towards the visible and UV part of 

the spectrum, meaning UC of photons has taken place. Taken from [80]. 

1.4.2 Downconversion 
 

 Downconversion (DC) can be considered the inverse of UC; a Stokes process in 

which a high energy photon splits its energy between two lower energy photons 

after being absorbed by a luminescent particle that re-emits two photons. This 

can also enhance solar cell output because incident photons with E > EG 

contribute to thermalisation losses, so provided the DC emission still has greater 

energy than the band gap, these losses will be reduced as two electrons can be 

promoted to the edge of the conduction band (instead of one electron with a 

higher energy level). Trupke et al calculated the maximum theoretical efficiency 

of a 1.1 eV band gap silicon solar cell under 1 sun illumination could increase to 

38.6% through the incorporation of an optimal DC layer [81] (higher than 

permitted by the Shockley-Queisser model).  

 In contrast to UC materials, a DC layer would be ideally situated on top of the 

solar cell (cf. Figure 19) where it can absorb short wavelength radiation (which 
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yields a low EQE) and emit higher wavelength photons with a corresponding 

improved EQE value for the cell. For the overall power conversion efficiency to 

improve, it is vital the layer is transparent to regions of the spectrum which provide 

a good ratio of charge carriers generated per incident photon [82].  

 

 

Figure 19: Design of a DC-PV system in which incoming short wavelength light is 
absorbed by the DC layer placed above the solar cell. The photons are then re-emitted 
at wavelengths which cause less thermalisation losses, increasing the overall efficiency 

of the PV. 

 As with UC, the materials in which DC processes may be instigated include rare 

earth ions, organic dyes and quantum dots. Furthermore, the dominant 

mechanisms (presented in Figure 20) appear similar to UC in reverse. These are 

[75]: 

1. Reverse GSA/ESA, a process involving one ion in which the electron is 

this time instead promoted to a higher energy level after absorbing a high 

energy photon. It then decays in two stages to the ground state, via an 

excited state, emitting two lower energy photons in the duration.  

2. Resonant energy transfer (RET) can take place in two or three ions. A high 

energy photon is absorbed by the first ion and its energy is either a) fully 

transferred to two further ions which excites them to states from which they 

will decay to the ground state and emit a low energy photon each or b) 

partially transferred to a single other ion via one of two mechanisms, which 

will cause that ion to enter an excited state followed by low energy photon 
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emission. The original absorbing ion is also left in an excited which will 

emit another low energy photon upon returning to the ground state.    

3. Reverse CET where a single ion absorbs a high energy photon and 

transfers its energy simultaneously to two other ions, promoting them to 

an excited state and leading to the emission of two low energy photons 

when they decay to the ground state. 

 Unfortunately, detailed mechanisms for DC in non-rare earth ions are sparsely 

reported in the literature.  

 

 

Figure 20: Energy level diagram of the proposed DC mechanisms within rare earth 
ions: a) ESA in reverse, b), c), and d) resonant energy transfer between two ions and 

e) CET. Modified from [75]. 
1.4.3 Luminescent Downshifting 
 

 Luminescent downshifting (LDS) is another Stokes process but differs from DC 

in that only one lower energy photon is emitted per absorbed photon. This means 

it is not possible to exceed the Shockley-Queisser limit through a LDS layer alone 

since no extra photons are created, so still only one charge carrier pair is being 
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generated per incoming photon [75]. As with DC, LDS layers may be applied on 

top of a solar cell to achieve a higher performance by changing the profile of the 

incident light from shorter to longer wavelengths, with a practical net gain in 

efficiency as long as the layer has a high transmittance to the lower energy 

photons. Although, van Sark et al believe improved front surface passivation 

techniques could render LDS layers atop PV cells obsolete [83]. 

 Like the other spectral conversion processes, LDS also occurs in rare earth 

doped compounds, dyes and quantum dots. However, as shall be seen in chapter 

2, the dyes and quantum dots used for LDS investigations have shown more 

replicable success than those in UC and are more widely commercially available. 

Furthermore, LDS has been particularly of interest for LCPV applications within 

LSCs. Luminescent solar concentrators coupled to single junction solar PV cells 

were shown by Rau et al to have the same theoretical maximum efficiency as the 

Shockley-Queisser limit [84]. Although, unlike UC and DC, mechanisms are not 

widely reported in the literature, so less is known about the specific energy 

transfer process. Despite the lack of a clear description in the literature, from first 

principles a mechanism is hereby proposed involving the non-radiative transfer 

of energy from a high level, post-high energy photon absorption, to a lower 

intermediate state from which a lower energy photon can be emitted. One pictorial 

representation of these steps is given by Figure 21 which shows the states being 

excited by an incoming photon and losing some of this energy to the lattice, then 

decaying to the ground state emitting a lower energy photon.  

 

Figure 21: Energy level diagram of one proposed simple mechanism for LDS in which 
an absorbed high energy photon decays non-radiatively to an intermediate state, 

before emitting a single lower energy photon. 
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1.5 Chapter Overviews and Aims 
 

 The aims of the project must follow the widely used SMART criteria.  

Specific: A clear problem must be identified from the gaps in the current 

knowledge field and investigations planned around them.  

Measurable: How to quantitatively evaluate the impact of the proposed methods 

on solar cell performance? 

Attainable: The aims must be sensible given the facilities and expertise available. 

For example, breaking the Shockley-Queisser limit via UC or DC which has yet 

to be achieved, would be very ambitious. 

Relevant: The outcomes must be relevant to the field of solar PV and add 

meaningful value to the tree of knowledge.  

Time-bound: The tasks to be conducted must be able to be carried out in the 

allotted timescale for a typical doctorate degree (3-4 years).   

Therefore, the primary aim of this thesis is: 

 To develop a cost-effective method for incorporating spectral conversion 

materials into established and emerging types of solar PV cells and 

technologies with the aim to increase efficiency and electrical power 

output.  

To achieve this the following procedure will be followed: 

 Select a suitable spectral conversion material to be used for this purpose 

and study its material properties. 

 Carry out experiments on PV cells containing these materials  

 Justify that the enhanced performance is due to this material and critically 

assess its potential impact on the search for lower cost PV modules.  

This general methodology used will be outlined further in the following descriptive 

overview of the chapters whose layout comprises this thesis.  

1.5.1 Chapter 2 

 In chapter 2, an unrestricted literature search is conducted across a wide range 

of online sources and studies from the early attempts of spectral conversion to 

up-to-date results are catalogued. This will demonstrate the evolving nature of 

the research area and its application to a range of solar cell technologies.  
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 Through critical analysis, gaps in the knowledge field have been identified and 

these gaps will be explored throughout the experimental and theoretical 

investigations of this thesis. These knowledge gaps were found to be consistent 

with the aims of this thesis, in that beyond LSCs, spectral conversion techniques 

have not been applied in LCPV systems.  

1.5.2 Chapter 3 

 In chapter 3, a study on the effect of selected rare earth doped compounds 

known to exhibit spectral conversion on silicon PV cells is presented. These 

compounds which form the basis for investigations in subsequent chapters, were 

NaYF4: Er3+, Yb3+ and Sr4Al14O25: Eu2+, Dy3+ (the colon indicating the rare earth 

ions replace the heavy metal in the chemical formula at fixed percentages). First, 

a best approach method of applying the materials above the silicon cells is 

determined. Then the electrical characterisation methods are outlined and results 

from coated silicon PV cells presented.  

1.5.3 Chapter 4 

 In chapter 4, the same materials are applied into an LCPV system based on 

square elliptical hyperboloid (SEH) 3D static concentrators coupled to silicon PV 

cells. By varying the doping ratio and configuration, different systems were 

characterised in an attempt to find the optimal design. Then, these results were 

compared to the same modules without concentrators to determine the effect of 

the LCPV and the variation in performance enhancement with angle of incidence 

was also explored.  

1.5.4 Chapter 5 

 In chapter 5, the effect of rare earth doped compounds on emerging photovoltaic 

technologies is investigated. DSSC devices of different layer thickness and 

containing the spectral conversion materials in varying locations are fabricated in 

house. The same concentrators are then added atop the DSSCs to see the effect 

of spectral conversion within an emerging cell based LCPV system.   

1.5.5 Chapter 6 

 In chapter 6, mathematical techniques are used to scrutinise the consistency and 

reproducibility of the experiments, a cost analysis is presented for scaled up 

systems and mathematical models are utilised to give justification for the results. 
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1.5.6 Chapter 7 

 In chapter 7, the key findings from each chapter are summarised and 

conclusions drawn from the research undertaken with recommendations then 

made on where future studies should focus attention to maximise the impact of 

this thesis.  

1.5.7 Expectations  

 As shall become apparent in chapter 2, spectral conversion has not been the 

silver bullet that it may first appear. However, small efficiency increases for a low 

cost would still be desirable and a useful addition to the web of PV knowledge. 

With this is in mind, an expectation shall be set for the devices to show a relative 

enhanced efficiency of 5% through the addition of spectral conversion materials 

and cost per watt should be lowered rather than increased.  
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Chapter 2. Literature Review 

2.1 Introduction  

 Upconversion as a phenomenon was first envisaged in 1959 by Bloembergen 

[73] who proposed the energy levels in rare earth ions could absorb IR radiation 

and re-emit at higher photon energies, naming them ‘quantum counters’. Just a 

year later, the potential for PV was realised by Wolf [72]. In recent years, more 

novel molecules have been used for spectral conversion, including dyes and 

quantum dots, but initially the traditionally used rare earth ions will be the focus 

of discussion. Throughout the rest of this chapter, a thorough literature review is 

conducted, outlining the evolution of the field of spectral conversion from a 

theoretical concept with little practical application, to state-of-the-art materials 

with a substantial impact on laboratory PV device performance. 

 By the end of the review, knowledge gaps are identified, particularly around the 

cost aspect of these enhancements and suggestions made where this thesis 

should focus in order to be a useful addition to the field of knowledge.  

2.2 Rare Earth Ions and Early Spectral Conversion 

Experiments 

 Rare earth elements (NB this term will be used to mean the lanthanides, 

elements 57-71, neglecting Sc and Y) in their 3+ (trivalent) ion form have a 

diverse range of energy levels due to their electron configuration, 1s2 2s2 2p6 3s2 

3p6 3d10 4s2 4p6 4d10 5s2 5p6 4fn with 0 ≤ n ≤ 14. The abundance of states in this 

4f subshell leads to a diverse range of possible absorption and emission events. 

Although f-f transitions are parity forbidden, the introduction of a crystal field by 

doping the rare earth ions into a lattice (usually an oxide or halide compound) 

permits these transitions to occur [85]. Dieke studied the states in the ions of 

different elements and presented them in diagrams, as shown in Figure 22, giving 

a visual representation of just how many possible energy levels there are [86]. 

Auzel further gave an extensive review of mechanisms responsible for their 

transitions at a level beyond the scope of this investigation [87]. These states of 

the outermost unfilled subshell are often given in term symbols of the general 

form: 
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2S+1LJ   (12) 

 Wherein S is the total spin quantum number (sum of the individual spin quantum 

numbers, ms, which can either be ± ½), L is the total orbital angular momentum 

quantum number (sum of the individual azimuthal orbital angular momentum 

numbers, ml, which take possible values in integer steps from -l to + l where l = 

0, 1, 2 and 3 for s, p, d and f orbitals respectively, and are denoted by 

spectroscopic notation, letters for L = 0-9 are shown in Table 2) and J is the total 

angular momentum quantum number which has a range of possible values from 

|L - S| to L + S in steps of 1.  

L 0 1 2 3 4 5 6 7 8 9 

Letter S P D F G H I K L M 

Table 2: The letters used to represent the respective total orbital angular momentum 
quantum numbers in the term symbol notation. 

 

Figure 22: A Dieke style diagram which shows the energy levels of trivalent rare earth 
ions. The red highlighted states are able to undergo UC when excited. 

Hund’s rules can be used to determine the term symbol for the ground state of a 

given electron configuration. These rules are such that: 

1. S is maximised for a given configuration of electrons 

2. L is maximised for a given configuration of electrons 

3. If half or less of the subshell is filled then J for the ground state is equal to its 

minimum value, |L - S|, else if more than half of the subshell is occupied then J 

for the ground state takes its maximum value, L + S [88].  
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 So, for example, the Er3+ ground state’s term symbol can be derived by first 

considering the number of electrons (for Er atomic number = 68, so its trivalent 

ion will have 65 electrons, hence the outer subshell will be 4f11), then applying 

Hund’s rules to the subshell, while also obeying the Pauli exclusion principle 

which means no two electrons can occupy the same state within a quantum 

system (i.e. they can’t have the same quantum numbers, ms and ml, within the 

same subshell). Therefore, if S is maximised, then all seven of the energy levels 

will be filled with a +½ electron. This leaves four electrons, which by applying the 

second rule, will fill the ml = 0, 1, 2 and 3 energy levels. L and S can be found to 

be 6 and 3/2, by summing the values for ms and ml respectively as represented 

pictorially in Figure 23. Finally, since the subshell is at more than half its full 

capacity, then J = L + S = 15/2. Thus, the Er3+ ground state’s term symbol can be 

written 4I15/2.  

 

Figure 23: Electron configuration for the 4f subshell of Er3+ derived via Hund’s rules 
with ms = +½ denoted by upward arrows and ms = -½ denoted by downward arrows. 

 Based on these transitions, which can occur when the ground state is elevated 

by the energy of an incident photon, several ions (either alone or combined with 

another) have been of particular interest for spectral conversion applications and 

will be discussed subsequently. Most notably for UC are Er3+ with its absorption 

peak at 1523 nm and emission at 980 nm, following decay from the excited state, 

4I11/2, to the ground state, 4I15/2 [89]. This is promising for c-Si solar cells, since 

there is strong IR radiation in the AM 1.5 G solar spectrum around 1500-1750 nm 

and the bang gap of a c-Si device is approximately 1100 nm, so the UC emission 

could potentially allow the cell to harness more of the ambient sunlight. 

Furthermore, the Yb3+-Er3+ pair as shown in Figure 24 has been of interest due 

to its absorption at 980 nm and emission across the visible spectrum, occurring 

efficiently due to Yb3+ acting as a sensitizer for ETU with its large cross section 

[90] (9.11 x 10-21 cm-2 at 976 nm for the 2F7/2 to 2F5/2 transition). This behaviour 

highlights its potential for applications to higher band gap cells such as a-Si or 
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DSSCs for which EG ≈ 1.7 eV (or 730 nm). In addition tri-doped Er3+ -Yb3+- Nd3+ 

particles could capture further radiation still for these cell technologies through 

808 nm excitation [91].  

 

Figure 24: Energy level diagram which shows the potential emissions from the Yb3+- 
Er3+ ion pair. In this representation the dashed arrows correspond to energy transfer 

between ions, the curly arrows non-radiative decay and the solid arrows radiative 
decay of that colour. Modified from [92]. 

 Two additional candidate ions which may demonstrate potential for UC have 

been Ho3+ [93] (absorbing in the 1150-1225 nm region due to the 5I5 to 5I8 

transition and emitting at 910 nm) and Tm3+ [94] (with two absorption peaks at 

1210 and 1640 nm because of excitation from the 3H6 ground state to either the 

3H5 or 3F4 energy level, leading to emission of wavelength 808 nm). Since there 

are such a wide variety of energy levels in the 4f orbital, other rare earth ions 

have shown energy level transitions relevant for UC to be technically possible. In 

2013, Huang et al catalogued an extensive list of processes for Pr3+, Nd3+, Tb3+ 

and Dy3+ [75]. However weak intensity of emission limits their potential and Yang 

et al concluded in 2014 [93] that efficient processes were restricted to Er3+, Tm3+ 

and Ho3+ ions (notwithstanding the use of Yb3+ sensitizers). There is even scope 

for these rare earth ions to be used in tandem to capture an even wider portion 

of the spectrum, as proposed by Lahoz et al who in 2011 conceptualised a bifacial 

c-Si PV device with a reflector and two UC layers beneath it, one containing Ho3+ 

to capture 1150-1225 nm photons and the other Er3+ to utilise the 1480-1580 nm 

radiation [95]; though as of 2019, no such system has been fabricated.  
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 On the other hand, the idea of dividing a UV photon into two visible photons 

through DC was originally developed by Dexter in 1957 [96]. This process is 

sometimes called quantum cutting (QC) to differentiate it from LDS (in which a 

UV photon reduces its energy to emit a single visible photon). In addition, LDS is 

confusingly in some instances classed together with QC as a subcategory of DC, 

but in this thesis, DC will be used only to refer to QC as introduced in 1.4.2. 

Although in terms of choice of rare earth ion, LDS and DC lanthanide materials 

can be viewed from a similar perspective as the initial ground state to be excited 

will often be the same, but emission processes differ due to rates of radiative or 

non-radiative decay and efficiency of emission. Furthermore, there appears to be 

slightly more variation in the potential ions with PV applications for DC studies; in 

the state-of-the-art studies, Eu3+ commonly features throughout the literature 

(sometimes paired with Gd3+, as Wegh et al first observed highly efficient DC 

processes in an Eu3+- Gd3+ system [97]) and other combinations of ion paired with 

Yb3+ such as: Tb3+, Tm3+, Er3+, Pr3+, Ho3+, Dy3+ or Nd3+ [75, 98]. Likewise, Eu3+ 

and other lanthanides co-doped alongside Yb3+ are frequently used for LDS 

applications, although as will be seen, there are much greater uses of dyes and 

QDs in pure LDS studies. Finally, Eu2+ is a fantastic sensitizer of trivalent ions for 

LDS and DC applications [99] with its emission relevant energy levels shown 

alongside those of Dy3+ in Figure 25. 

Figure 25: Energy level diagram which shows the potential emissions from the Eu2+- 
Dy3+ion pair. Modified from [100] and [101]. 

 Initially, it was envisaged the materials that demonstrated UC would be doped 

into the PV cells themselves, in so called impurity photovoltaics [102]. These 
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attempts were of limited success and it wasn’t until 1996 when Gibart’s group 

applied an external vitroceramic doped with Yb3+ and Er3+ of 100 µm thickness to 

the rear of a GaAs doped solar cell [103]. After being illuminated by an 892 nm 

laser (below the GaAs band gap) at an intensity of 25.6 W/cm2, an EQE of 2.5% 

for the device was recorded. This approach was deemed more appropriate than 

impurity PV since the performance enhancements were more pronounced and, 

importantly, the UC layer could be optimised independently of the solar cell.  Then 

in the mid-2000s, Shalav and Richards’s groups’ work could be acknowledged 

for reigniting an interest in the sector with their studies on UC, DC and LDS. 20% 

Er3+ doped NaYF4 was fixed in a transparent oil medium to the rear of a bifacial 

c-Si solar cell and an EQE of 3.4% achieved under illumination by a 6 mW laser, 

at an excitation wavelength of 1523 nm [85]. This was a significant result, 

although potential for practical applications were concluded to be limited due to 

the narrow excitation spectrum and poor efficiency of the UC process at lower 

concentrations of light; in an ideal case the cell’s power conversion efficiency 

could only be raised 2.4% (absolute) through this method, while Tm3+ and Ho3+ 

ions were also investigated but were unable to be characterised because of their 

weak performance at the excitation power densities. It was suggested this meant 

UC may be limited to silicon photodiodes rather than PV for practical applications.  

 Simultaneously, the group catalogued DC and LDS materials [104]. DC, despite 

having theoretical benefits due to better performance at lower light intensities, 

was not reported to be applicable to PV systems at the time (since then 

successful studies have been reported and are discussed in 2.5) due to the 

losses from the DC emitting layer and low irradiance of UV light at the necessary 

excitation wavelengths. They predicted LDS to have the most potential of the 

three spectral conversion processes and this had an established presence in the 

literature of successful trials; in 1979, Hovel et al used ruby sheets (Cr3+: Al2O3, 

transition metal ions also exhibit luminescence) and organic dye containing 

fluorescent sheets (Plexiglass 2184) in an attempt to increase the efficiency of 

GaAlAs-GaAs, GaAs, a-Si, c-Si and CdS/Cu2S PV by fixing the layer above the 

solar cells with a refractive index matched adhesive [105]. All the devices showed 

enhanced EQE under high energy photons and their power conversion 

efficiencies under AM0 were measured to increase from 14% to 15% for GaAlAs-

GaAs with Plexiglass 2184, 3% to 3.5% for CdS/Cu2S with Plexiglass 2814, no 
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increase for a-Si with Plexiglass (due to the decreased EQE at longer 

wavelengths) and 9 to 9.3% for GaAs with ruby. Additionally a ruby sheet atop a 

commercial c-Si had its EQE measured only and it was expected an absolute 

power conversion efficiency increase of 1-2% could be achieved under AM 0, 

although all these results would have been less successful in AM 1 or AM 1.5 G 

conditions due to the reduced short wavelength intensity (and hence less LDS 

taking place). LDS within LSCs as proposed by Weber and Lamb in 1976 [106], 

was identified in 2006 by Richards as an area of upmost interest going forward 

and advances in this sector are analysed in 2.7.  

 Since this time period, research has focused on the range of materials available 

for spectral conversion processes and their optimisation with respect to the 

following parameters: choice of host lattices and/or matrices, layer thickness, 

doping ratio (e.g. weight or molar percentage of rare earth ion in a compound) 

and maximising the quantum efficiency of the spectral conversion process. 

Spectral conversion materials have also been applied to a wider type of solar 

cells (DSSCs, PSCs, QDSCs etc) reflecting the progress made in this parallel 

field of evolving PV technologies as shall be discussed in subsequent 

subsections.  

2.3 Spectral Conversion Efficiency Limitations and 

Optimisation Parameters 

 Like solar cells, a quantum efficiency may be defined for spectral conversion 

processes. In the literature, this is often known as the photoluminescent quantum 

yield and as with the quantum efficiency for a solar cell, it may be stated as an 

internal or external result. The internal photoluminescent quantum yield (iPLQY) 

is given by: 

𝑖𝑃𝐿𝑄𝑌 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
  (13) 

And external photoluminescent quantum yield (e-PLQY) by: 

𝑒𝑃𝐿𝑄𝑌 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑖𝑡𝑡𝑒𝑑

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
  (14) 

 For example, perfectly efficient UC, LDS and DC processes would have ePLQYs 

of 50%, 100% and 200% respectively. ePLQY can be measured with an 
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integrating sphere using a method described by Johnson et al [102]. In some 

cases, investigations have focussed on spectral conversion materials purely to 

determine their PLQYs for hypothetical PV applications. However, increasingly 

spectral conversion materials have been applied with solar cells to observe 

performance improvements. In such investigations the power conversion 

efficiency, JSC and EQE can all be measured through the use of either a solar 

simulator (a lamp with an irradiance profile replicating AM 1.5 G) or a 

monochromatic illumination source. Due to the dependence of EQE on light 

intensity, when quoting an EQE with a monochromatic source it is useful to state 

a normalised EQE defined as: 

𝑁𝐸𝑄𝐸 =
𝐸𝑄𝐸

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑙𝑖𝑔ℎ𝑡 𝑝𝑜𝑤𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
  (15) 

 However, some spectral conversion processes (UC in particular) have a non-

linear dependence on light concentration, therefore caution should be exercised 

when comparing NEQEs [107]. In these instances, the iPLQY obeys a power law 

such that: 

𝑖𝑃𝐿𝑄𝑌 ∝ 𝑃𝑖𝑛
𝑛

  (16) 

Where Pin is the power of the incident radiation and n the number of steps in the 

mechanism, so a two-step ETU process would exhibit a quadratic dependence 

on the power of the incoming light. Conversely, the EQE of single junction solar 

cells has a linear relationship with increasing intensity. If these processes are 

combined for an overall UC-PV system, the emitted photoluminescence can be 

assumed to be the proportional to the number of sub-band gap electron-hole pairs 

generated, so the following equation applies: 

𝐸𝑄𝐸 ∝
𝑃𝑖𝑛

𝑛

𝑃𝑖𝑛
∝ 𝑃𝑖𝑛

(𝑛−1)
  (17) 

 Therefore, for an ETU dominated process with n = 2, the EQE is predicted to 

scale linearly with increased light concentration. This expectation holds at low 

irradiances but at high light intensity deviates from the linear relationship due to 

competing mechanisms [108]. In general, the photoluminescent yield of the UC 

process rises with light concentration, so spectral conversion processes may 

have potential in CPV systems.  
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 There are three processes identified by Shalav which cause suboptimal quantum 

yields within a UC ion [85]. These include non-radiative relaxation, radiative 

relaxation to a state other than that which results in photon emission of the 

desired wavelength and cross-relaxation between ions. When selecting a 

compound to be a part of a spectral conversion material, these are the 

fundamental losses which must be minimised.  

 Since the spectral conversion processes are transfers between energy states, 

they can accurately be modelled by simulations. The essential dynamics of a 

luminescent system are underlined by the following rate equation [75]: 

𝑑𝑁

𝑑𝑡
= −(𝐴𝑟 + 𝐴𝑛𝑟)𝑁  (18) 

In which N is the population of excited states and Ar and Anr are the radiative and 

non-radiative decay rates. It can be seen from this equation that in the case for 

zero illumination, N(t) decays exponentially from N(t = 0) = N(0) such that: 

𝑁(𝑡) = 𝑁(0)𝑒−
𝑡

𝜏                      (19) 

Where the time constant, τ, is given as: 

𝜏 =
1

(𝐴𝑟+𝐴𝑛𝑟)
                       (20) 

 The quantum efficiency of the process can then be calculated as the ratio of 

radiative decay rate to total depopulation rate such that: 

𝑖𝑃𝐿𝑄𝑌 =
𝐴𝑟

(𝐴𝑟+𝐴𝑛𝑟)
=

𝜏𝑟

𝜏
              (21) 

The time constant, τ, can be measured directly from experiment (by observing 

photoluminescent decay times) whereas τr can be calculated from Judd-Ofelt 

theory [109]. Empirical observations have led to an energy gap law: 

𝐴𝑛𝑟 = 𝐴𝑛𝑟(0)𝑒−𝛼(∆𝐸)               (22) 

 In this equation, Anr (0) and α are constants that depend on the host lattice and 

ΔE is the gap in energy between the states in the rare earth ion. Thus, it can be 

seen that the non-radiative decay rate decays exponentially with increasing 

difference in energy levels. Layne et al experimentally measured Anr for a range 

of ΔE values and oxide host lattices [110]. The results showed that Anr and hence 
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the quantum yield of the spectral conversion process, depends heavily on the 

choice of host lattice as well. The physical behaviour responsible for this is the 

phonon energy of the lattice; in general, compounds with lower phonon energies 

have a lower non-radiative decay rate due to more phonons being required to 

cause a decay through multi-phonon emission. It has been proposed that if more 

than six phonons are necessary for a non-radiative decay event then radiative 

relaxation will dominate, leading to higher photoluminescent quantum yields 

[111]. This means that the selection of host lattice is a key factor in determining 

the effectiveness of spectral conversion to improve the performance of a solar 

cell. Of the common anionic combinations of atoms which could be used in the 

rare earth containing lattices, the lowest phonon energies are halides and oxides. 

Oxides have a typical phonon energy of 600 cm-1 and halide phonon energies 

decrease with increasing atomic number: 355 cm-1 for F-, 260 cm-1 for Cl-, 172 

cm-1 for Br- and 144 cm-1 for I-. Despite the lowest energies occurring in bromide 

and iodide, their hygroscopic properties limit their use for practical applications 

[112].  

 The ideal compounds were identified in 2015 by Sun et al as REF3, REOF or 

MREFn (with RE = rare earth ion, M = Li, Na, K, Ba; n = 4, 5) [90]. Chemical 

stability is another important factor and oxysulfide compounds (of the form 

RE2O2S) also possess low phonon energies (< 500 cm-1) and impressive 

quantum yields [113]. Subsequently, it is unsurprising that one of the most studied 

compounds has been NaYF4 either when doped with Er3+ or co-doped with Yb3+-

Er3+. NaYF4 can exist in two crystal structures, a cubic α-phase and a hexagonal 

β-phase. The β-phase has been shown to yield higher photoluminescent 

emission than the α-phase, so it is desirable to fabricate β-NaYF4 whilst keeping 

the cubic impurity levels to a minimum [114]. In 2004 Kramer reported a widely 

replicated synthesis technique to produce pure β-NaYF4 via a hydrothermal 

method with an optimised preparation temperature of 600°C [115]. Many other 

methods have been proposed to synthesise rare earth ion doped compounds 

including: solid-state reaction, combustion synthesis, template technology, 

solvothermal synthesis, glass melting, thermal decomposition, co-precipitation, 

sol-gel method, aqueous precipitation, thermal growth, pulsed laser deposition, 

vertical Bridgman and an ion-exchange process [75].  Considerations will have to 

be made as to which are more cost effective and environmentally friendly 
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(especially with regards to the maximum temperature required), if commercial 

production was to go ahead.  

 Furthermore, when measuring the ePLQY or iPLQY, the spectral broadness of 

the excitation source can have a noticeable effect. Arnaoutakis et al prepared 

Er3+ doped NaYF4 and by using relevant filters and a quartz tungsten halogen 

lamp were able to observe an increase in iPLQY from 1.61% to 4.27% upon 

widening the incoming spectral range from 1500-1550 nm to 1400-1600 nm [89]. 

MacDougall et al also investigated this area and found the iPLQY of Er3+ doped 

β-NaYF4 rose to 16.2% from 8.7% when broadening the excitation bandwidth 

from 12 nm to 61 nm [116]. Despite the success of NaYF4, alternative host lattices 

have been studied and proposed for UC-PV applications. ZBLAN, a glass 

containing fluorides of Zr, Ba, Ln, Al and Na, has attained an ePLQY of 12.7% 

when doped with Er3+ [117]. Other compounds that have attracted interest are 

BaY2F8 and Gd2O2S which have given ePLQYs of 9.5% and 12.7% when doped 

with 30% Er3+ and 10% Er3+ respectively [118, 119]. Even with their lower 

ePLQYs, oxides and oxyfluorides may still be viable options due to their stability. 

In a recent study by Markose et al, Er3+ and Yb3+ ions were co-doped into Y2O3, 

YOF and YF3. YF3 demonstrated the most efficient UC process but YOF (the 

second highest performing lattice) was deemed the most suitable for commercial 

applications due to its excellent chemical and thermal stability [120].  

 Host lattices for DC and LDS applications tend to be similar in composition as 

those used for UC; NaYF4, LiYF4, metal oxides, phosphates, oxyfluorides and 

various glasses have been studied extensively. De la Mora et al state that host 

materials must exhibit high transmittance, photo-stability, excitation energy, 

absorption strength, chemical and thermal stability as well as low scattering [98]. 

It is further argued that host materials should be highly crystalline with few defects 

and impurities as this prevents energy migration that leads to parasitic non-

radiative recombination. In addition, Huang et al suggest for LDS it is particularly 

important to have large Stokes shifts, i.e. a minimal overlap between the 

excitation and emission spectra, in order to minimise the self-absorption losses 

within the material [75]. DC and LDS also have an advantage over UC in that 

because they only involve the absorption of a single incoming photon, they are 

linear processes in respect to the iPLQY formula with n = 1, resulting in more 

viability to increase PV efficiency at lower light concentrations [83]. The iPLQYs 
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of DC materials have been theoretically calculated (by analysing the energy 

transfer between states) to be in excess of 150%, in cases approaching almost 

200% for Eu3+ doped LiGdF4 [97]. However, measuring the ePLQY, of greater 

relevance for practical PV applications, experimentally is more challenging. 

Although in 2012, Fan et al were able to record for the first time an ePLQY of over 

100% for Er3+ and Yb3+ co-doped La2O2S using an integrating sphere. LDS 

ePLQYs are typically over 80% for the best rare earth ion containing compounds 

and 50-65% for QDs [121]. Dyes have the most promising PLQYs at around 90% 

but issues with their stability are a concern for their long term exposure [122]. 

 The doping ratio of an ion in the host lattice is another crucial factor in 

determining the efficiency of photoluminescent processes. If the concentration is 

too low, then the distance between ions will be high and insufficient photons 

absorbed along with a low energy transfer rate (and hence less undergo spectral 

conversion), whereas if the concentration is too high, cross-relaxation processes 

between ions will dominate to hamper the efficiency [123]. Hence it is necessary 

to find the appropriate balance, typically around 25% (by mole) for Er3+ doped 

NaYF4 as derived by Ivaturi et al [124] and varying for differently composed 

materials. For co-doped rare earth ion NaYF4, the sensitizer Yb3+ ion is typically 

doped at a level of 18% by mole and the emitter Er3+ ion at 2%. In an optimisation 

study for a different host material, Tikhomirov et al prepared Yb3+ and Er3+ co-

doped oxyfluoride glasses in many distinct doping ratios which exhibited UC and 

DC behaviours under 980 and 380 nm excitation respectively; it was found the 

1.5 % Er3+ and 4.5% Yb3+ displayed the strongest UC emission and 1 % Er3+ and 

4% Yb3+ the most intense DC [125]. In addition, Eu3+ doped LiGdF4 phosphors 

were recently found to have an optimal molar concentration of 35% to maximise 

DC emission [126].  

 The optimal doping level also changes with increased light concentration; 

Fischer et al have studied the relationship between incident excitation power 

density and Er3+ doping concentration in the widely cited lattices, NaYF4 and 

Gd2O2S [127]. Through calculations and experiment, it was observed the 

optimum ion doping level decreases as light concentration increases. The particle 

size and shape can further determine photoluminescent properties in rare earth 

ion doped compounds. Kramer et al’s particles were typically 1-3 μm crystals, 

sometimes forming aggregates which could be broken up via mortar and pestle, 
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whereas in recent years spectral conversion particles have been made at much 

smaller scales (particularly for application to emerging PV cells). In 2009, Lim et 

al investigated the dependence of particle size and shape on luminescent 

behaviour for Yb3+ and Er3+ co-doped NaYF4 nanocrystals between 10 and 130 

nm in size and of different shapes (either spherical or rod). It was found that the 

smaller particles exhibited greatly decreased luminescent intensity and the 

surface area to volume ratios affected the level of green as compared to red 

emission; contrary to previous studies, a small particle size or high surface area 

to volume ratio resulted in higher rates of green emission [128]. Li et al have 

reported a technique for the same material which controls the size and shape of 

the particles during synthesis by adjusting the precursor and solvent ratios 

respectively [129]. Despite higher particle size benefiting the PLQY, at sizes over 

100 nm unwanted optical effects like scattering can occur, reducing the amount 

of spectral conversion emission that will reach the solar cell [130]. On the 

contrary, for very small DC particles, an increase in emission intensity was 

observed for particles between 15-40 nm compared to those of size 150 nm, so 

it is important to determine the exact morphology-luminescence relationship for 

each potential spectral conversion material [131].  Furthermore, when applying 

these materials into the devices themselves (as happens with emerging PV) 

particle size and agglomerations must be kept to a minimal level to avoid 

interfering with the charge transport properties, and as shall be presented in 2.8, 

nanoscale phenomena can be utilised to benefit the overall spectral conversion 

process.  

 Finally, the compounds usually exist in powder form so need to be embedded 

within a complex, in order to form a layer which can be applied to a solar cell. In 

choosing this host complex, it is vital that the material is transparent to the areas 

of the spectrum that the spectral conversion material emits in. 

Polyfluorocyclobutane (PFCB) has been a popular choice for UC studies 

involving NaYF4 due to its similar refractive index to the phosphor, minimising 

scattering losses, and high transparency to NIR photons. As the doping level of 

the rare earth ion within the compound must be optimised, so should the ratio of 

the spectral conversion material to the host matrix. Ivaturi et al showed the 

optimal ratio of Er3+ doped NaYF4 to PCFB as 84.9% by weight [124]. Likewise 

for DC and LDS, transparent polymers have been utilised such as 
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polymethylmethacrylate (PMMA) and ethylene vinyl acetate (EVA), as well as 

silicates and silica nitrides with dual functional anti-reflective properties [132, 

133]. Innovative optical materials for LSC fabrication will be presented in 2.7.2. 

The thickness of the layer plays a role too and Boccolini et al attributed re-

absorption as a source of loss should this value be un-optimised and carried out 

simulations to determine the ideal depth for maximum emission of UC photons 

[134]. The same group developed an optical model to determine the most suitable 

thickness for a DC layer which was validated by tests on Ce3+ and Yb3+ co-doped 

borate glass [134]. Moreover, Lipovšek et al produced a similar work for LDS 

layers using 3D ray tracing and Mie scattering theory to predict the maximum JSC 

gains on an OSC before experimental confirmation, accounting for the following 

LDS layer parameters: layer thickness, phosphor particle size, distribution and 

concentration by volume [135]. Thickness may also be varied by changing the 

spin speed if applying with a spin coater or by modifying the mesh size if screen 

printing (two common methods of applying films, which will be discussed later in 

this thesis).  

 All of the aforementioned criteria affect the performance of the spectral 

conversion process. However, absorption coefficients and excitation spectra 

must be improved and broadened to maximise the ePLQY and impact on solar 

cells. There are several emerging methods at the nanoscale to rectify these 

material limitations which will be presented in 2.8 and the optimisation of the 

spectral conversion materials continues to feature alongside their application to 

solar cells in the most recent studies.  

2.4 State-of-the-art Upconversion Materials 

 Here results from up-to-date and innovative studies of UC materials applied to 

various PV technologies are reported.   

2.4.1 Upconversion for Silicon PV 

 Since Shalav’s group’s work in 2006-7 there has been a rapid growth in the 

effectiveness of UC layers applied to silicon PV cells. In 2011, Goldschmidt et al 

applied 20% Er3+ doped NaYF4 to a silicon solar cell and when characterised 

under broadband 1460-1600 nm radiation, the UC process efficiency was 1.03% 

[52]. The corresponding relative increase in power conversion efficiency under 

ambient sunlight would only be a paltry 0.014% which was deemed far too low to 
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have a significant impact. However, by 2013 relative efficiency improvements of 

up to 0.16% were found to be viable through the application of 25% Er3+ doped 

NaYF4 to a silicon device, following a JSC of 4.03 mA/cm2 that had been observed 

under 1450-1600 nm illumination [136]. In addition, the group developed a 

method to calculate the spectral mismatch which allows the quantum yield at 

different solar concentrations to be determined. Results from 2015 demonstrate 

further progress still; 30% Er3+ doped BaY2F8 has attained a JSC improvement of 

(17.2 ± 3.0) mA/cm2 at 95 suns [118]. This is equal to a relative enhancement of 

(0.55 ± 0.14) %, a 35-fold increase on the values reported in 2011. In 2018, the 

same group tested bifacial c-Si cells combined with UC layers of either 10% Er3+ 

doped Gd2O2S or 25% Er3+ doped NaYF4 to achieve JSC enhancements of 8.2 

and 9.4 mA/cm2 respectively under 94 sun illumination. Although not as large as 

the increase recorded for BaY2F8 this still shows promising progress for a lower 

light concentration level. Excitingly, the devices were also characterised when 

exposed to real sunlight conditions (the first time ever for a UC-PV system) where 

they showed results consistent with those predicted from the solar simulator and 

spectral mismatch calculations [137]. In all these experiments the UC layer was 

placed beneath a bifacial PV cell as outlined in Figure 14 in 1.4.1. However, 

occasionally the UC particles have been placed on top of the device for added 

beneficial anti-reflective properties. This was the case for Chen et al, who added 

Er3+-Yb3+ and Ho3+-Yb3+ doped La2Mo2O9 layers on top of the solar cell [138]. 

Despite a low UC contribution, increases in efficiency between 1.5% and 2.7% 

were observed due to the layer’s anti-reflective properties.  

 Due to their higher band gap, it is predicted that a-Si solar cells have greater 

potential efficiency gains to be realised than their c-Si counterparts from UC. In 

2010, an enhancement in JSC of 0.01 mA/cm2 was observed under 980 nm 

illumination by de Wild et al for an a-Si:H solar cell that contained NaYF4 doped 

with 18% Yb3+ and 2% Er3+ on its rear face [139]. This value was only twice the 

background dark current, so again not deemed to be of significance. However, 

suggestions were made on how to improve the efficiency by reducing channels 

of energy loss in the system; the biggest factor was the poor response of the cell 

to rear-side illumination from radiation that had undergone UC. In a subsequent 

investigation, Qu et al synthesised rare earth co-doped β-NaYF4 phosphors with 

the following compositions: 20% Yb3+, 1 % Er3+; 25% Yb3+, 1 % Ho3+; and 60% 
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Yb3+, 0.5 % Tm3+ and applied them to a-Si:H solar cells, either as a solid or colloid 

slice [140]. The solid slice Er3+ ion containing device performed the best, 

recording a JSC enhancement of 0.1 mA/cm2 under monochromatic 980 nm 

illumination and an efficiency improvement of 7.3% under AM 1.5 G relative to 

the reference cell without any additional layers. The group attributed these results 

to an improved scattering function and enhanced absorption in the NIR region; to 

assess the impact of UC processes alone, a NaYF4 layer without any rare earth 

ions was applied and a relative increase in efficiency of 6.3% was observed.  

 Moreover in 2015, Chen’s group reported an improvement over NaYF4 as a host 

lattice for high band gap PV applications by using 28% Er3+ doped BaCl2 instead. 

Unlike Yb3+, Er3+ co-doped NaYF4 which is often only excited at 980 nm 

illumination, this material was able to utilise radiation at two distinct peaks, 808 

and 980 nm [141]. Upon broadband excitation (>800 nm), its emission was 

intense across 410-667 nm, demonstrating substantial potential for a-Si solar 

cells. Using the same material, the JSC of an a-Si:H solar cell under simulated NIR 

sunlight increased to 0.6 mA/cm2 [142]. Meanwhile, Jia et al have also used Ho3+ 

or Pr3+ doped BaCl2 to attain respective JSC measurements of 0.25 mA/cm2 and 

0.16 mA/cm2 for an a-Si:H device under broadband >800 nm illumination [143]. 

Conversely, Er3+ doped LaF3 embedded in an oxyfluoride ceramic has shown a 

remarkable 1.72 mA/cm2 JSC under tri-wavelength simultaneous excitation at 

1530, 980 and 808 nm [144]. This value was 1.77 times greater than the sum of 

the JSC measurements obtained for monochromatic illumination at each of these 

wavelengths, highlighting the synergistic nature of multi-wavelength excitation.    
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Figure 26: Two ways concentrating optics can be integrated with UC: a) cross-section 
of a single cell UC-CPV module in which a CPC is placed between the PV cell and UC 
layer in order to increase the intensity of the light that reaches it, b) the schematic of a 

modelled CPV system in which the parameters α (acceptance angle) and f/D (focal 
ratio) are varied [89] and c) simulations show high concentrations of 1000 suns can be 

achieved at the UC layer in this set up. 

 Optical concentrators, as outlined in 1.2.2, have been proposed for deployment 

in UC-PV systems. This has the advantage of increasing the effectiveness of UC 

due to its non-linear relationship with light intensity. A hypothetical design was 

proposed by Goldschmidt et al in 2008, which was predicted to raise the efficiency 

of a bifacial silicon solar cell from 23% to 25% [145]. Fischer et al were able to 

use a Fresnel lens to concentrate light to high levels onto an Er3+ doped NaYF4 

layer. At an intensity of 210 suns, JSC increased by 13.1 mA/cm2 and relative 

efficiency by 0.19% [146]. One issue that needs addressing is the variation in 

optimal solar concentration between the PV cell and the UC layer to maximise 

system performance; integrated optics could be one way to tackle this imbalance. 

Optical fibres in combination with dielectric tapers are components which could 

reach light concentrations of 2000 suns at specified wavelengths relevant to a 

given PV system [147]. This method has been used to achieve increased 

response in a UC-PV system under sub band gap illumination and it was shown 

the light intensities at the cell’s surface and UC layer could be independently 

optimised [148]. Arnaoutakis et al built on this concept by fabricating a system 

with compound parabolic concentrators placed between a bifacial silicon solar 

cell and UC layers, as outlined in Figure 26 [149]. An EQE of 1.80% upon 

excitation by a 1523 nm source at 0.024 W/cm2 power density was attained for 

the system with the integrated optics compared to 1.33% for the PV cell-UC layer 

without concentrators (these values correspond to NEQEs of 0.75 cm2/W and 
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0.54 cm2/W). Geometrical optical simulations based on ray tracing and Monte 

Carlo techniques have been carried out for UC-CPV set ups to determine how to 

achieve maximum concentration of light. Arnaoutakis’ group modelled the design 

shown in the Figure 26 and showed a concentration of 6000 suns was realisable 

for acceptance angles < 10° and focal ratio greater than 3 [89]; intensities of this 

magnitude would result in highly effective UC layers and higher PV performance 

(provided the solar cell was thermally isolated). The optimal doping levels of rare 

earth ions with regards to variation in light intensity as per Fischer et al’s study, 

should also be considered for UC-CPV systems [127].   

 In 2014, Wang’s group showed UC with a process efficiency of 16% could be 

realised through the thermal radiation method discussed in 1.4.1. Yb3+ doped 

ZrO2 was selected for its excellent thermal conductivity, high melting point and 

strong infrared absorption properties [80]. In contrast to UC via other 

mechanisms, multi-phonon relaxation becomes a desirable process since it leads 

to heat being transferred to the lattice, raising its temperature. The sample 

powder was heated to 2850 K under illumination at 976 nm by a 570 W/cm2 laser 

beam and Wien’s displacement law along with considered conduction losses 

were used to derive the efficiency. Concentrated white light was also used in 

order to determine the effect on solar cell performance and compare with the 

commonly used Er3+ doped NaYF4; the fluoride yielded greater improvements at 

low irradiances whereas the oxide achieved better results at the highest light 

concentrations. When designing physical thermal UC-PV systems, it is of vital 

importance to thermally isolate the solar cell from the radiation source due to the 

decreased efficiency that accompanies an increase in PV temperature. One 

solution could be to place the optical concentrator beneath a bifacial device, so 

that transmitted photons could be focussed onto a thermal UC layer, then 

redirected back towards the cell. Boriskina and Chen envisaged a thermal UC-

PV platform with angular selectivity through utilising nanomaterials or a small 

aperture cavity [150] and other designs (cf. Figure 27). This system could have a 

maximum theoretical UC efficiency of 73%, corresponding to a silicon PV 

efficiency of 45%. In 2015, an a-Si cell showed a 1 mA/cm2 photocurrent under 

808-1064 nm illumination by using thermal UC material CeVO4, showing the 

immense potential of this approach to wide band gap solar technologies [151]. 
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Figure 27: Designs of potential UC via thermal radiation systems: a) angular selectivity 
by surface nano-patterning, b) enclosing the upconverter into a reflective cavity with 

small aperture, c) geometrical and spectral splitting of sunlight onto a cell and d) same 
concept as c) but with two cells. Modified from [150]. 

 

2.4.2 Upconversion for Emerging PV 

 UC has increasingly been applied to third generation or emerging PV 

technologies. This includes DSSCs, OSCs, QDSCs and PSCs. These cells are 

in a strong position to benefit from UC due to their generally high band gap 

energies (like a-Si) and nanoscale thin film structure which allows for facile 

incorporation of luminescent particles.  

 DSSCs typically use Ru-carboxyl group based dyes (such as N-719) that fail to 

absorb photons effectively when their wavelength is greater than 700 nm [152]. 

This means UC can enhance DSSC performance by allowing more of the 

spectrum to be captured by the dye. In a first attempt at this approach, Shan and 

Demopoulos added Yb3+-Er3+ co-doped LaF3 into the TiO2 electron transport 

layer of a DSSC [153]. Despite an increased response at NIR wavelengths, the 

overall efficiency of the cell declined because of increased charge carrier 

recombination at the electrode interfaces. In 2010, Xie’s group achieved better 

outcomes by fabricating DSSCs in which the Yb3+-Er3+ ions were directly doped 

into the TiO2 particles that make up one layer of the device [154]. This led to 

incident 980 nm light undergoing UC and being converted into 510-700 nm 
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wavelengths which could be used by the DSSC to generate electricity. Under AM 

1.5 G solar simulated radiation, an efficiency of 7.28% was recorded for the rare 

earth doped TiO2 cell and 6.41% for a reference DSSC without any added ions, 

thus, a relative efficiency increase of 13.6% was observed. The ratio of rare earth 

ion to TiO2 was optimised at 1:3 and the incorporation of these impurities resulted 

in another advantage by acting as a p-type dopant which raised the TiO2 Fermi 

level and the redox potential of the electrolyte, hence producing a higher DSSC 

voltage. Advances in nanotechnology have allowed for new methods to enhance 

UC. In 2013, Ramasamy and Kim prepared a novel rear reflecting structure 

utilising Ag reflectors and Fe3+ doped β-NaGdF4: Yb3+ - Er3+ UC nanoparticles 

(UCNPs) [155]. The addition of Fe3+ was found to increase the UC emission 30-

fold and the dual functional Ag further enhanced the UC process by increased 

scattering and surface-coupled plasmon emission (this phenomenon will be 

further explored in section 2.8.4). In 2017, Han et al achieved a 27% relative 

increase in DSSC efficiency through the use of Er3+ - Yb3+ CeO2 spheres as 

UCNPs, highlighting the progress that has been made in this field since 2010 

[156].  

 OSCs contain conjugated polymers like polyphenylenevinylene (PPV) 

derivatives or poly [3-hexylthiophene] (P3HT) to act as electron donors along with 

a fullerene derivative, Phenyl-C61-butyric acid methyl ester (PCBM), electron 

acceptor [157]. The EQE of OSCs is negligible beyond 800 nm, so UC could 

utilise higher wavelengths to generate more current and improve the device 

efficiency. In 2012, Wang et al added a layer consisting of Yb3+ - Er3+ co-doped 

MoO3 under the photoactive P3HT-PCBM region of the cell and a mild increase 

of <1% in JSC was detected at an irradiance level of 1 sun [158]. To result in better 

JSC gains the following recommendations were made: higher ePLQY of rare earth 

doped compound, deployment of light trapping or photon management and 

thicker UC films. At the same time, Adikaari et al alternatively applied Ho3+-Yb3+ 

co-doped Y2BaZnO5 layers onto the front and rear of OSCs [159]. As expected, 

the device with the UC layer at its rear performed best, achieving a JSC of 0.016 

mA/cm2 and EQE of 0.0052% under a 986 nm excitation source of intensity 0.39 

W/m2. Although this result was very small, calculations showed a wider excitation 

spectrum and more transparent electrodes could lead to performance 

enhancements on par with those achieved for a-Si and an overall absolute power 
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conversion efficiency increase of 0.45%. Two years later, Chen et al utilised Yb3+-

Er3+ doped β-NaYF4 UC particles in a PMMA matrix and a silver reflector to 

improve the JSC of an OSC by 22.2% [160]. However, the overwhelming majority 

of this additional current was generated by a greater amount of transmitted visible 

light being reflected back towards the cell; it was estimated only 1.6% of the JSC 

enhancement was due to UC and poor performance under low solar 

concentrations meant it was unlikely to have a major impact on OSC design until 

further progress is made. Most recently in 2018, Wang et al have added NaYF4: 

Yb3+, Er3+ particles into a P3HT: PCMB type OSC and reported enhanced charge 

transport and JSC measurements of 8.3% [161].  

 UC via TTA could be an alternative to rare earth ion doped compounds in OSCs 

with Zhao et al cataloguing several organometallic complexes with potential for 

use as sensitizers and acceptors in a TTA process [162]. Schulze et al explored 

this concept with tests on three solar cells (two OSCs of different acceptor-donor 

polymer pairs and one a-Si device) after developing theoretical models. Proof-of-

principle 0.2% JSC improvements were achieved but needed to be 2 to 3 orders 

of magnitude higher to be meaningful for those devices [163]. Despite these 

limitations, TTA molecules might still prove to be superior to rare earth ion 

compounds due to their higher PLQYs at lower irradiances. To realise this, the 

concentration of sensitizers must be optimised which was practically difficult in 

their organic solvent; the incorporation of the molecules into a solid-state material 

such as nanoparticles or a polymer film might be one avenue to this outcome.  

 QDSCs are yet another emerging PV technology that stand to benefit from UC. 

A fascinating property of QDs that makes them exciting for use in solar PV is that 

their absorption properties are dependent on size. This means it is possible to 

synthesise QDs so that they are fine tuned to absorb at specific wavelengths. 

Nevertheless, QDSCs will still have a limited absorption range and commonly are 

limited to utilising photons of wavelength less than 700 nm [164]. There had been 

few instances in the literature of UC studies involving QDSCs until 2014, when 

Wang et al synthesised and applied a Tm3+ - Yb3+ - Er3+ tri-doped NaYF4 

phosphor into the photo-anode of a CdS/CdSe QDSC through annealing [165]. 

This device achieved a power conversion efficiency of 4.37%, corresponding to 

relative efficiency and JSC increases of 20% and 17.6% respectively. It was also 

noted the annealing treatment contributed to this positive result by removing 
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defects that cause charge carrier recombination in the device. Further efficiency 

improvements were noted in 2017 by Ramachari et al who incorporated Yb3+ - 

Er3+ co-doped ZrO2 into a QDSC, resulting in a relative power conversion 

efficiency of 55%, and Sun et al who added Mn2+-Yb3+ - Er3+ tri-doped NaYF4 into 

the photoanode of a QDSC for a 42.6% relative PCE enhancement [166, 167]. 

 PSCs based on the crystal structure known as perovskite have shown a rapid 

increase in efficiency as outlined in 1.2.1. Even more excitingly, their higher 

stability and performance compared to DSSCs makes them prime candidates for 

commercial deployment in the near future with $41 million invested in Oxford PV 

in early 2019 to bring the technology ready for market [168, 169]. The PSC cell 

absorption profile is limited to photons of wavelength below 800 nm, so like other 

emerging technologies can benefit from UC applications to harness a wider range 

of the incoming solar spectrum. This was proposed by Wang in 2014 [165] and 

in recent years UC materials have successfully been incorporated into PSCs to 

improve device performance but there have been different methods used when 

adding these materials into the system. For example, Chen et al placed a highly 

transmitting to visible wavelengths LiYF4: Yb3+, Er3+ single crystal on top of a PSC 

to increase the relative power conversion efficiency by 7.9% under 7-8 suns [170]. 

On the other hand, He et al, Roh et al and Wang et al all added UCNPs directly 

into the TiO2 mesoporous layer of the electrode, achieving relative power 

conversion efficiency increases of 6.0%, 13.7% and 20.8% respectively. 

Similarly, as with DSSC investigations, there could be additional benefits from the 

incorporation of nanoparticles inside the photoactive device layers, such as 

helping ensure quality perovskite crystal growth and structure [171-173]. A 

summary of the best UC materials and their impact on solar cells is provided in 

Table 3.  
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UC material 

λ excitation 
(nm) 

λ emission 
(nm) 

Solar           
cell 

 
Device response 

 
Ref 

 
20% Er3+ doped 

NaYF4 

 
1460-
1600 

 
980 

 
c-Si 

 
+0.69 mA/cm2 JSC 
under 732 suns 

[52] 

 
25% Er3+ doped 

NaYF4 

 
1450-
1600 

 
980 

 
c-Si 

+4.03 mA/cm2 

JSC under 77 suns 
[136] 

 
25% Er3+ doped 

NaYF4 

 
1450-
1600 

980, 
805, 
655, 
540 

 
c-Si 

 
+13.1 mA/cm2 JSC 

under 210 suns 
[146] 

 
30% Er3+ doped 

BaY2F8 

 
1493 

 
1000 

 
c-Si 

+17.2 mA/cm2 
JSC under 95 suns 

[118] 

25% Er3+ doped 
NaYF4 

1450-
1600 

980, 
830, 
665, 
550 

c-Si 
+9.4 mA/cm2 JSC 

under 94 suns (real 
sunlight) 

[137] 

10% Er3+ doped 
Gd2O2S 

1450-
1600 

980, 
830, 
665, 
550 

c-Si 
+8.2 mA/cm2 JSC 

under 94 suns (real 
sunlight) 

[137] 

 
25% Er3+ doped 

NaYF4 

 
1523 

 
980 

 
c-Si 

1.33% EQE (without 
optic) and 1.80% 
EQE (with optic) 

under 0.024 W/cm2 
laser 

[149] 

 
28% Er3+ doped 

BaCl2 

808,  
980 

667, 
546, 
530, 
496, 
455, 
410 

 
a-Si:H 

+0.6 mA/cm2 JSC 

under bi-wavelength 
70 and 100 mW 

lasers 

[142] 

5% Pr3+ doped 
BaCl2 

2190, 
2000, 
1596, 
1460, 

980, 850 

636, 
610, 
537, 
470 

a-Si:H 

+0.16 mA/cm2 JSC 

under concentrated 
broadband >800 nm 

illumination 

[143] 
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15% Ho3+ doped 
BaCl2 

1610, 
1157, 
900 

658, 
546, 
489 

a-Si:H 

+0.25 mA/cm2 JSC 

under concentrated 
broadband >800 nm 

illumination 

[143] 

 
3% Er3+ doped 

LaF3 in 
oxyfluoride 

ceramic 

808, 
980, 
1530 

 
657, 
542 

 
a-Si:H 

+1.72 mA/cm2 JSC 

under tri-wavelength 
1400, 1200 and 800 

W/cm2 lasers 
 

[144] 

CeVO4 via 
thermal UC 

1064, 
980, 808 

750-
700 

a-Si:H 
+0.91 mA/cm2 JSC 
under 831 W/cm2 

[151] 

 
20% Yb3+ - 1% 
Er3+ co-doped 

NaYF4 

 
980 

 

 
650, 
536, 
518 

 
a-Si:H 

 
+1.74 mA/cm2 JSC 
and +0.41% PCE 
under AM 1.5 G 

[140] 

Yb3+ - Er3+ co-
doped TiO2 (25% 

w/w) 
980 

700-
510 

DSSC 
+0.87% PCE under  

AM 1.5 
[154] 

0.7% Yb3+ - 2.9% 
Er3+ co-doped 

CeO2 

980 
525-
680 

DSSC 
+1.54% PCE under  

AM 1.5 
[156] 

20% Yb3+ - 2% 
Er3+ co-doped 

NaYF4
 

975 
655, 
540 

OSC 
+0.46% PCE under  

AM 1.5 G 
[160] 

Yb3+ - Er3+ co-
doped NaYF4 
(0.5% w/w in 
P3HT:PCBM) 

980 
550-
750 

OSC 
+0.44% PCE under 
AM 1.5 G and 980 

nm laser 
[161] 

0.2% Tm3+ - 20% 
Yb3+ - 1.5% Er3+ 
tri-doped NaYF4 

 
980 

650, 
540, 
520, 
475, 
400 

QDSC 

+2.15 mA/cm2 JSC 

and +0.73% PCE 
(+17.6% and 20% 
relative increases) 

under  
AM 1.5 G 

[165] 

1% Yb3+ -  
1% Er3+ 

co-doped ZrO2 

 
970 

 
725-
500 

 
QDSC 

+1.06% PCE (+55% 
relative increase) 
under 0.1 W/cm2 

[166] 
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Mn2+-Yb3+ - Er3+ 

tri-doped NaYF4 
(8% w/w in TiO2) 

980 
660, 
540, 
520 

QDSC 

+6.61 mA/cm2 JSC 

and +1.42% PCE 
(+45.1% and 

+42.7% relative 
increases) under 

AM 1.5 G 

[167] 

2% Yb3+ - 1% 
Er3+ co-doped 

LiYF4 

1540, 
980 

700-
500 

PSC 

+0.87% PCE 
(+7.9% relative 

increase) under 7-8 
suns 

[170] 

20% Yb3+ - 2% 
Er3+ co-doped 

NaYF4 
980 

655, 
543, 
523, 
408 

PSC 

+1.9% PCE 
(+13.7% relative 

increase) under AM 
1.5 G 

[172] 

6% Yb3+ - 13% 
Er3+ co-doped 
TiO2 nanorod 

arrays 

980 
512-
680 

PSC 

+2.6% PCE 
(+20.8% relative 

increase) under AM 
1.5 G 

[173] 

Table 3: Summary of the UC materials used, and PV device performance 
enhancements noted in recent studies on various solar cell technologies. 

2.5 State-of-the-art Downconversion Materials 

 Whereas UC allows for the harnessing of sub band gap photons, DC can lead to 

better PV performance following illumination by short wavelength photons. In c-

Si solar cells, the losses due to thermalisation from high energy photons are 

greater than those for non-absorption of sub band gap photons. Many emerging 

solar cell technologies also suffer from UV sensitivity which can degrade their 

performance over time, so DC could provide dual benefits for their efficacy.  

 As well as the ions listed in 2.1, DC may be aided by the use of other species to 

increase the absorption cross section and broaden the excitation spectrum. 

These often come in the form of divalent (2+) rare earth ions such as Eu2+ or Yb2+ 

and occasionally transition metal ions like Mn2+ [174]. Tai et al have shown Eu2+ 

to behave as an effective energy sensitizer for Yb3+ in a SrAl2O4 host lattice, 

attaining a 147.3% ePLQY under a 450 W Xe lamp with a broad range of 250-

450 nm radiation being absorbed and emitted in the NIR region, where it could 

be better utilised by a c-Si solar cell [99].  
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2.5.1 Downconversion for Silicon PV 

 Before 2015, there were few instances where DC-PV systems had been 

fabricated and their electrical performance characterised. This was to change 

when in that year, Gonzalez-Perez et al applied a Eu3+ doped complex in PMMA 

to a c-Si solar cell via spin coating or tape casting [175]. The EQE of the device 

increased by 5.8% at 280 nm as a result of the strong excitation band from 250-

360 nm with emission at 615 nm. The film also possessed a high thermal stability, 

meaning it could be facilely introduced to the silicon PV module assembly and 

potentially in CPV as well. Meanwhile, Dumont et al fabricated a DC layer made 

from Tb3+ - Yb3+ co-doped Silicon-Nitride by magnetron co-sputtering [133]. After 

characterising the material, they noted their novel optimisation approach yielded 

improved results compared to previous works; at 325 nm illumination there was 

efficient 980 nm emission and the coating demonstrated anti-reflective properties, 

making it an ideal DC layer candidate. Moreover, Florêncio et al have reported a 

7% relative increase in the efficiency of a commercial silicon cell through the use 

of their Tb3+ - Yb3+ co-doped tellurite glass, compared to that measured for glass 

without doping [176]. Then in 2018, Li et al reported c-Si solar cells topped with 

PMMA mixed with Ce3+- Yb3+ co-doped Y3Al5O12 applied via spin coating 

demonstrating enhanced relative PCEs of 4.86% and 6.04% at illumination levels 

of 1 sun and 4 suns respectively. The increased performance at higher light 

intensity was attributed to higher temperatures leading to more phonons in the 

lattice and ultimately more efficient energy transfer and DC emission [177].  

2.5.2 Downconversion for Emerging PV 

 DC materials have also been utilised within emerging PV technologies. In a 

similar vein to 2.4.2, these particles have often been incorporated into the active 

layers of the device. Yao et al have added Eu3+-Dy3+ co-doped ZnO into the TiO2 

photoanode of a DSSC along with graphene loading which reduced 

recombination and interfacial resistance [178]. They observed a 4.8% power 

conversion efficiency for the best performing device with a Eu3+-Dy3+: ZnO doping 

level of 1.75% w/w, corresponding to a relative improvement of 245% compared 

to the pure TiO2 device and 105% to the TiO2 and graphene containing cell. At 

the same time, Sun et al added Eu, Dy co-doped Sr4Al14O25 into the TiO2 

photoanode of a CdS QDSC, enhancing the power conversion efficiency by 37% 

relative to a control cell (of 1.02% power conversion efficiency) through DC and 
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beneficial scattering processes [179].  Then in 2016, Hou et al introduced a Eu3+ 

doped ZnGa2O4 nanophosphor into the TiO2 layer of a PSC [180]. This resulted 

in an increased JSC of 4.08 mA/cm2 and 34.4% higher relative power conversion 

efficiency because of better light harvesting. Alternatively, in 2019, Jia et al 

synthesised Eu3+: NaYF4 nanocrystals and applied them to the non-conducting 

front side of the conductive glass of a PSC [181]. This led to a relative efficiency 

gain of 17.7% and JSC improvement of 2.50 mA/cm2 and additionally, the samples 

with the nanocrystals exhibited a smaller I-V hysteresis than was observed in the 

control devices. The best DC materials are summarised in Table 4. 

DC material 
λ excitation 

(nm) 
λ emission 

(nm) 
Solar           
cell 

Device response Ref 

Tb3+ - Yb3+ in 
silicon nitride 

matrix 

 
325 

 
980 

 
c-Si 

 
N/A 

[133] 

Eu3+ containing 
aromatic 

complex in 
PMMA 

250-360 665 c-Si 
+5.8% EQE 

under 100W Xe 
lamp 

[175] 

Tb3+ - Yb3+ co-
doped tellurite 

glass 
355, 482 548, 980 c-Si 

+7% relative 
PCE under 0.1 

W/cm2 
[176] 

Ce3+- Yb3+ co-
doped Y3Al5O12 

460 550, 1030 c-Si 

+4.86% and 
+6.04% relative 
PCE under 0.1 
and 0.4 W/cm2 

[177] 

 
 

Eu3+ - Dy3+ co-
doped ZnO 
(alongside 
graphene 
loading) 

 
 

338, 394 

 
394, 458, 
483, 575, 
593, 611 

 
 

DSSC 

 
+6.06 mA/cm2 
and +3.18% 

PCE (212% and 
245% relative 

increases) under 
0.1 W/cm2 

 

[178] 
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Eu2+ - Dy3+ co-
doped 

Sr4Al14O25 
300-450 450-500 QDSC 

+2.62 mA/cm2 
and +0.38% 

PCE (+35.5% 
and +37.3% 

relative 
increases) 

[179] 

 
Eu3+ doped 
ZnGa2O4 

 
380-500 

 
450-720 

 
PSC 

+3.48 mA/cm2 
and +3.67% 

PCE (17.2% and 
34.4% relative 

increases) under 
AM 1.5 G 

[180] 

Eu3+ doped 
NaYF4 

325, 375 615, 700 PSC 

+2.50 mA/cm2 
and +3% PCE 
(+12.1% and 

+17.7% relative 
increases) under 

AM 1.5  

[181] 

Table 4: Summary of the DC materials used, and PV device performance 
enhancements noted in recent studies on various solar cell technologies. 

 

2.6 State-of-the-art Luminescent Downshifting Materials 

 LDS materials have been deployed to improve the efficiency of solar cells, 

especially in second generation thin film technologies such as CdTe and CIGS 

that have poor EQEs when under illumination by UV or blue light. Simple 

analytical optical models have been produced by Rothemund et al to assess the 

potential effectiveness of LDS layers and theoretical EQE enhancements 

attainable [182]. The materials used for LDS investigations tend to be more varied 

than UC and DC, where rare earth ion doped compounds dominate the literature, 

with more QDs and dyes having been cited. LDS materials also feature 

prominently in LCPV literature due to their use for LSC-PV systems and this area 

of knowledge shall be reviewed in depth in the following section (2.7).  

2.6.1 Luminescent Downshifting for Silicon PV 

 An LDS layer consisting of Eu3+ doped gadolinium oxysulfide embedded in 

polyvinylpyrrolidone (PVP) was prepared by Hung and Chen for applying to a 

multi-crystalline-Si solar cell [183]. When exposed to ambient solar illumination 

conditions (AM 1.5 G) an enhanced JSC of 6 mA/cm2 and power conversion 

efficiency of 2.53% (24.2% relative increase) were measured compared to a bare 

cell; the respective improvements were 2.6 mA/cm2 and 1.12% (9.45% relative) 
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compared to cell coated in pure PVP (which has anti-reflective properties), 

highlighting the significant impact of LDS via the rare earth ion doped compound. 

In addition, the material was low-cost and prepared by a simple method, two 

important factors for potential commercialisation. Likewise, Ho et al prepared two 

Eu2+ doped phosphor species mixed with SiO2 and the solution was placed on 

top of a silicon cell via spin coating; the cell’s JSC increased by 19.85% and the 

power conversion efficiency went up by 15.97% relative to a control device due 

to forward scattering and broadband (512-610 nm) LDS emission [184]. As well 

as LDS within dual functional anti-reflective coatings or the encapsulant, it may 

take place within the glass covering of a solar cell. Tm3+ doped fluoride glasses 

have been investigated by Maalej et al who recorded a smaller 1.4% relative 

power conversion efficiency gain when the glass was placed above a silicon cell 

compared to an un-doped glass [185]. For scaled up commercial applications the 

glass would have to have a greater absorption for more LDS photons be collected 

by the solar cell. 

2.6.2 Luminescent Downshifting for Thin-film PV 

 CdTe and CIGS are the prime PV beneficiaries of LDS due to their very poor 

spectral response to short wavelength light. In 2016, Uekert et al synthesised 

nanostructured organo-silicon luminophores impregnated in EVA or polyvinyl 

butyral (PVB) to behave as an LDS layer for a CIGS cell [186]. Under UV light, 

the device demonstrated a remarkably improved EQE at 360 nm from 1% to 55% 

and when exposed to AM 1.5 G illumination, a relative power conversion 

efficiency gain of 4.3%. Conversely, Ross et al doped EVA and fluorinated 

ethylene propylene (FEP) with an organic dye to produce two different cover 

sheets which could be placed on two CdTe modules [132]. The dyes used were 

perylene and naphtalimide fluorphores from the BASF Lumogen F series (V570, 

Y083, Y170 and O240). These materials demonstrated strong absorption peaks 

in the 375 – 520 nm range and emission peaks from 425 – 575 nm with high 

iPLQYs from 88-100%. The EVA-dye covered module recorded an improved JSC 

of 9.7% and an enhancement of 5.3% was observed for the dye in FEP. QDs 

have also found applications in LDS-PV studies; Hodgson et al encapsulated 

commercially available CdSxSe1−x/ZnS QDs (supplied by Cytodiagnostics Inc) 

with an iPLQY of 51% and emission peak of 540 nm into a PMMA film at various 

doping concentrations [187]. They found the 192 µg/mm3 layer improved the EQE 
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the most at short wavelengths but the 48 µg/mm3 had the best overall JSC gain of 

1.7%. Furthermore, rare earth ions continue to be used in LDS studies for thin 

film PV. In 2016, Song et al prepared Mn2+-Eu3+ co-doped phosphate glasses 

(with an excitation peak of 392 nm and emission peak of 615 nm) which were 

applied to CdS/CdTe cells and resulted in an improved relative power conversion 

efficiency of 7.14% and JSC gain of 5.6% [188]. Theoretical simulations were used 

to support the results and it was noted that the thickness of the LDS layer is a 

vital parameter to be optimised since a thicker layer will lead to improved EQE at 

short wavelengths but higher absorption losses at longer wavelengths, so a 

balance must be struck to maximise the overall JSC. LDS materials with high 

potential for applications are listed in Table 5. 

LDS 
material 

λ excitation 
(nm) 

λ emission 
(nm) 

Solar           
cell 

Device 
response 

Ref 

Eu3+ doped 
Gd2O2S 

200-350 624 c-Si 

+6.47 mA/cm2 
and +2.67% 
PCE under 1 

sun 

[183] 

Eu2+ doped 
phosphors 

in SiO2 

250-360 512, 610 c-Si 

+19.85% JSC 

and +16% 
relative PCE 

under AM 1.5 G 

[184] 

Tm3+ doped 
fluoride 
glass 

355, 482 548, 980 c-Si 
+1.4% relative 
PCE under AM 

1.5 G 
[185] 

 
Organo-
silicon 

lumiphores 
in EVA or 

PMMA 
 

375 575 CIGS 

+54% EQE at 
360nm and 

+4.3% relative 
PCE 

under AM 1.5 G 

[186] 

 
Organic 

dyes in EVA 
and FEP 

 
375, 475, 
500, 520 

 
425, 525, 
560, 575 

 
CdTe 

 
+5.3% and 
+9.7% JSC 

under 1.5 AM G 

[132] 
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QDs in 
PMMA 

 
300-500 

 
540 

 
CdTe 

 
+1.7% PCE 

under AM 1.5 G 
[187] 

 
Mn2+ - Eu3+ 

doped 
phosphate 

glass 

 
392 

 
615 

 
CdTe 

 
+7.14% relative 
PCE under 0.1 

W/cm2 

[188] 

Dyes in 
PMMA 

425-475 500-650 CdTe 

 
+5% relative 

JSC (non-
concentrating) 

and  
up to +20% 
relative JSC 

(concentrating) 
under 300 W 
Xenon lamp 

 
 

[217] 
 
 

Table 5: Summary of the LDS materials used, and PV device performance 
enhancements noted in recent studies on various solar cell technologies. 

2.7 Luminescent Solar Concentrators 

 LSCs were first proposed by Weber and Lambe in 1976 [106]. Unlike the other 

types of solar concentrator in 1.2.2, these optical devices can modify the 

wavelength of the incident spectrum via LDS as well as increasing light 

concentration. Despite their lower concentration ratios than HCPV, LSCs have 

attracted much research interest and show immense potential for 

commercialisation due to their pleasing aesthetic and low fabrication cost [189]. 

This is because a concentrator which emits at the sides but is transparent through 

one axis can be attractively integrated with building design either as a roof light 

or window façade. Furthermore, the small area of active PV cell required reduces 

module prices and because the concentrator can utilise diffuse as well as direct 

solar radiation, expensive tracking mechanisms are not required [190]. Recalling 

the working principle of an LSC as presented in Figure 5, the fundamental 

efficiency limitations, loss mechanisms, state-of-the-art materials and designs, in 

addition to applications for BIPV will now be presented.  
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2.7.1 Luminescent Solar Concentrator Efficiency 

 The maximum theoretical efficiency of an ideal LSC-PV module was shown by 

Rau et al [84] to be identical to a single junction solar cell under the classical 

Shockley-Queisser limit as introduced in 1.3. However, real world devices have 

struggled to attain this performance, with 7.7% power conversion efficiency (i.e. 

the power output of the solar cell divided by the power of light going into the LSC), 

the highest reported value in the literature as of 2019 [191]. This discrepancy is 

due to five sources of energy loss from a physical LSC (cf. Figure 28) which 

include: (i) the so-called escape cone of photons which have undergone 

luminescence but are emitted at a solid angle that allows them to leave the LSC 

via an undesired surface, (ii) the non-100% luminescent quantum efficiency 

(LQE) of the luminescent process which is defined the same way as i-PLQY, (iii) 

the limited absorption cross section and excitation spectrum of the luminescent 

species compared to the range of photons in sunlight, (iv) re-absorption of emitted 

photons if the emission spectrum of the luminescent species overlaps with is 

absorption spectrum (called self-absorption) and (v) optical losses from surface 

reflectance or scattering and host matrix absorption. In a recent study 

Tummeltshammer et al were able to analyse each source of loss and compare 

them relative to each other for various LSCs; escape cone losses and non-100% 

quantum yields were found to be the dominant loss channels [192]. It is hoped 

that recent advances in dealing with these challenges will soon allow LSC-PV 

modules to surpass 10% power conversion efficiency [193]. As in 1.2.2, the 

optical efficiency (ηopt) of an LSC can also be defined as the power of the light 

emitted at the edges divided by the power of the incident light.  

 
Figure 28: The paths through which the major sources of optical loss occur in an LSC: 
reflection, reabsorption, escape cone losses and surface scattering. Taken from [194].   
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 2.7.2 Luminescent Solar Concentrator Materials  

 There are two considerations when selecting materials for an LSC: the host 

matrix and the luminescent specie. The former appears initially to be a relatively 

solved problem in that the widely available PMMA is frequently used throughout 

the literature in LSC fabrication. This is because it has the following 

advantageous properties for an LSC host matrix: (i) high transparency to 

visible/near-infrared light, (ii) a suitable refractive index (n ≈ 1.5), (iii) ease of 

mixing with luminescent species, (iv) sensible cost, (v) non-harmfulness and (vi) 

low weight. Glasses with their greater stability to UV radiation than polymers have 

also been considered for LSC fabrication [195]. Zettl et al investigated 7 other 

potential host materials including 5 polycarbonates (PCs) which share an 

advantage with glass over PMMA; both possess higher mechanical and chemical 

stability but PCs maintain the low weight of a polymer [196]. In their investigation 

an LSC made from compact disc PC achieved the same optical efficiency as a 

PMMA device (8.9%). There have been novel host matrices developed by 

Chowdhury et al [197] (an eco-friendly biopolymer made from cellulose 

nanocrystals) and Chou et al [198] (a flexible LSC made from 

polydimethylsiloxane), both achieving respectable efficiencies.  

 The criteria for selecting a luminescent specie for use in LSC are often the same 

for an LDS layer. Ideal molecules should have the following properties [199]: (i) 

a wide excitation range within a suitable area of the solar spectrum (i.e. where 

the PV cell’s photo-response is low) and high absorption cross section, (ii) a 

narrow emission band where the PV cell’s EQE is highest, (iii) minimum overlap 

between absorption and emission spectra, (iv) a high LQE close to 100% and (v) 

long term stability over a module’s intended lifetime. Commonly used materials 

include Lumogen dyes (which come in a variety of colours), rare earth ions (such 

as Eu3+) and quantum dots such as PbS, CdSe/CdS or CdSe/ZnS. Silicon [200] 

or colloidal carbon [201] QDs have also been investigated as more benign 

alternatives to the potentially harmful lead or cadmium containing compounds 

with the latter demonstrating high stability under UV illumination. For 

commercialisation, there will need to be considerations of the environmental 

impact and safety of both the host matrix and luminescent specie. 



100 
 

2.7.3 Luminescent Solar Concentrator Designs 

 In addition to material selection, there are parameters which can vary when 

designing an LSC such as the size of the concentrator and ratios of the lengths 

of certain edges or areas of surfaces. Using the standard cuboid LSC as an 

example, with regards to its 2D cross-section shown in Figure 28 and defining its 

base length, L, and height, H, two more quantities can be introduced: the 

geometric gain (G) = L/nH where n is the number of edges with PV (or in general 

G = area of illuminated concentrator surface/area of PV) and the aspect ratio (AR) 

= L/H [191]. Another important quantity is the concentration ratio, C, (i.e. the ratio 

of the light intensity at the PV divided by the incident light intensity) given 

mathematically by C = ηopt × G as introduced in 1.2.2. This ratio is sometimes 

calculated by C = power of cells when attached to the LSC / power of bare cells 

at the same irradiance, assuming the power output is linearly related to light 

concentration (a good approximation for these levels of intensity). It is important 

to get these dimensions optimised for both performance and economic reasons. 

Evidently larger sides will require a greater area of PV cell which increases cost, 

so H needs to be kept relatively small. Furthermore, it is beneficial for the optical 

path length to be shorter to reduce host matrix absorption losses, meaning L >> 

H is undesirable. In general, a higher geometric gain will lead to more 

concentrated light but a lower optical efficiency (ηopt), resulting a trade-off [202]. 

Models have been employed either by ray tracing or detailed balance calculations 

to aid in optimal design [203]. However, when we introduce practical 

considerations on solar cell sizes, a very small H is ruled out. Therefore most 

laboratory LSC devices typically have H ≈ 1-10 mm with ARs and Gs of 2-10 

[191]. Given that reported optical efficiencies range from 11-35%, even obtaining 

a C > 1 can be challenging feat to achieve [204].  

 In recent years, there have been variations on the standard design from Figure 

5. Wu’s group have proposed a tandem LSC device in which two LSCs containing 

different luminescent species will be stacked on top of each other. The top LSC 

will absorb shorter wavelength light (utilising it for edge placed PV) and transmit 

the longer wavelengths which can then be absorbed by the bottom LSC and 

generate additional power [205]. It was concluded this could be advantageous to 

doping multiple species in the same LSC. There have also been devices 

fabricated where the luminescent specie is contained within a thin film at the top 
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or bottom of the LSC, as opposed to being doped homogenously throughout the 

host matrix [206]. This can have the advantage of a greater optical efficiency by 

reduced self-absorption losses. The state-of-the-art efficiencies achieved by 

[191] resulted from luminescent films being deployed at the base of the LSC. 

Doping concentration of the luminescent specie can also be an important factor 

in optimising LSC design; at too low levels there will be insufficient absorption 

and emission whereas at too high levels scattering and reabsorption losses 

increase along with the LSC’s opacity which is undesirable for BICPV 

applications, so a compromise must be found [207].  

 In more extreme variations on LSC design, the assumption that the concentrator 

must be a cuboid has been challenged. Various 3D shaped LSCs have been 

reported including: cylindrical array [208] (sometimes in the form of thin optical 

fibres [209]), planar circular [210] and wedge designs [211]. Cylindrical arrays 

can have an optical efficiency of up to 1.9 times greater than conventional LSCs 

provided luminescence takes place near the surface, and if the cylinders are 

placed alongside each other, escape cone losses can be reduced through 

reabsorption into the adjacent concentrator [212]. A simple geometric observation 

shows planar circular LSCs to have a theoretical G 1.13 times greater than 

cuboids, although their inability to tessellate would be a barrier when scaling up 

[213]. On the other hand, the wedge design does not have this problem whilst 

having the advantage of reduced escape cone and host matrix absorption losses 

due to the light hitting the top surface at increasingly oblique angles. In a 

comparative study, simulations from Hughes et al resulted in a lower peak 

efficiency for the wedge compared to a planar cuboid, but over the course of a 

year the wedge would have generated substantially more electricity due to a 

better performance when the sun is lower in the sky [211].  

 Finally, the incorporation of PV with an LSC must be considered, chiefly the type 

of solar cell and its position of placement.  Established PV technologies like 

silicon cells appear most frequently in the literature because of their low cost per 

watt and suitability for the emission profile of common luminescent species; 

Assadi et al give a recent review outlining key results [204]. GaAs [214] and 

GaInP [215] cells also feature, whereas there have been few instances of LSCs 

coupled to emerging PV technologies. However, in separate investigations in 

2015, LSCs were combined with fibre dye-sensitized [216] and CdTe/CdS solar 
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cells [217]. It is expected that integration of LSCs with emerging PV will be an 

area of interest going forward as their cost per watt decreases and because they 

could benefit relatively more from LDS due to their poor short wavelength 

response, if luminescent species with appropriate absorption and emission 

spectra are developed. In an up-to-date study Brennan et al coupled an LSC with 

a planar dye-sensitized solar cell achieving proof of principle integration and an 

estimated power conversion efficiency of 2.71% [218].  

 In the standard LSC design a PV cell is attached with a transparent adhesive to 

one or more of its edges. In some cases, the cell is only attached to one edge 

with mirrors placed at the other three, in order to achieve a higher concentration 

of light on the PV. However, coating all four edges in PV can sometimes be 

beneficial; Sloof et al recorded a 4.6% power conversion efficiency for single edge 

LSC-PV whereas a 7.1% efficiency was attained for cells on all four edges [219]. 

The group also observed a modest increase in performance when the cells were 

connected in parallel rather than series. Zhang et al went beyond the standard 

design by mounting one, two or three small PV cells on a portion of the base of 

the LSC with mirrors fixed on all the side edges [220]. The results were 

remarkable in that the two cell LSC device achieved a 20% lower cost per watt 

than a commercial silicon PV module. Moreover, Markman et al showed light 

concentration on cells could be further increased by up to 35% (whilst maintaining 

>90% of the original optical efficiency) through the addition of non-imaging optics 

such as CPCs at all the edges of an LSC, resulting in greater device power output 

at a negligible extra cost [221].  

2.7.4 Luminescent Solar Concentrators for BIPV 

 LSCs have immense potential for BIPV, a rapidly growing sector, because of 

their transparency, low cost, light weight and pleasing aesthetic. Commercial 

BIPV modules available in the UK today are based on established thin film 

technologies such as CdTe or amorphous silicon [222, 223], or non-

luminescence concentrating PV [224], although LSCs are expected to play a 

large part in future BIPV market growth; major electronics company Philips  

already has 14 patents for LSC devices [225].  

 As part of a building an LSC-PV module could broadly be a component of either 

a window façade or roofing structure. There is also scope for LSCs to be utilised 
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in non-building urban architecture such as noise barriers alongside highways 

[226] or canopy shading [227] for carparks. Having discussed recent advances in 

LSC design and materials at the laboratory device scale, studies are now 

presented involving larger scale modules with potential commercialisation 

opportunities and the challenges they face. For maximum transparency and 

atheistic value, each LSC-PV unit would want to be relatively large (≳ 0.1 m2) in 

area (so that a mesh appearance is avoided). This means scaled up LSCs would 

suffer from additional losses such as greater unwanted self and host matrix 

absorption because of their larger size. Merkx et al through their models showed 

the optimal luminescent specie doping concentration level changes depending 

on LSC size, adding further design complications [228].  For a 1 m2 module they 

estimated a theoretical maximum efficiency of 9% and a practical efficiency limit 

of 6%. It is this low power to area ratio which has hampered further deployment 

of LSCs. Tsoi estimated only 5 kWh per day could be generated by a 60 m2 LSC-

PV module in favourable sunlight conditions (less than a third of the daily 

electricity demand of a typical household in a developed nation) [229]. An 

additional material barrier to LSC commercialisation is the long-term stability of 

either their luminescent dye or host matrix, since a module marketed as part of a 

building that generates electricity would ideally need to keep producing power for 

at least 10 years before replacement. Despite their lower efficiencies and issues 

around dye stability, the commercial opportunities for LSCs as part of a window 

integrated PV system should not be underestimated. The fact that LSCs can 

come in a range of colours (due to different dyes being used) allows for some 

truly stunning visual architectures to be realised, as seen in Figure 29. 
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Figure 29: Potential BIPV applications of LSCs: (a) Façade of the Palais du Congrès in 
Montréal; these windows are only decorative but LSC-PV systems of a similar 

appearance could one day be widespread, (b) LSC could function as a roadside noise 
barrier or (c) a canopy for parked vehicles. Taken from [227]. 

 Kerrouche et al provided some insight into how small LSCs could be attractively 

pieced together by 3D ray tracing simulations and fabricating 70 LSCs of 5 

different colours in order to replicate a stained-glass window [230]. The 

experimental and theoretical values were in agreement to within 7%, highlighting 

the value of this approach to the design of arbitrary window patterns based on 

LSCs. Similarly, in 2017, van Sark et al designed and characterised a 1 m2 

module made from different coloured LSCs inspired by the rectangular 

geometries of Dutch artist Piet Mondrian [231]. A peak 2 W of electricity could be 

generated, enough to charge two mobile devices, meaning a small utility could 

accompany its decorative effect. Despite their novel futuristic look, there will need 

to be studies into the social acceptability of coloured windows to end users 

including building occupants and urban planners. In one such investigation, 

Vossen et al used a red LSC module to cover different sized portions of the sole 

window illuminating a model room [232]. Then volunteers were subjected to the 

varying light levels and asked to complete a questionnaire on the visual comfort. 

It was found an LSC which covered 25% of the total window area was viewed 

most favourably by the participants.   

 In contrast to their range of colours, an additional property of LSCs which has 

attracted interest with regards to BIPV is their ability to be transparent and 

colourless. This can be achieved if the luminescent specie emits outside of the 

visible range of the spectrum. Meinardi et al have constructed a large-area 

colourless LSC based on CuISeXS2-X QDs which absorb visible light and have an 

emission peak of 960 nm [233]. At a size of 0.0144 m2, the device achieved an 

optical efficiency of 3.2% and had the added benefit of containing no toxic heavy 

metals. Yang et al provide an up-to-date review of the challenges facing 



105 
 

transparent colourless LSCs and the materials available [234]. From their 

considerations, the authors concluded the theoretical and practical efficiency 

limits of visibly transparent LSCs were closing in on those of transparent PV 

technologies and that research should focus on optimising the luminescent 

materials. Conversely, LSCs have been fabricated to have a frosted glass effect 

in which visible light is sent to the edges by scattering alone [210]. These LSCs 

could have uses in BIPV for when a low transparency is required (e.g. for privacy).  

 Another benefit of LSC based windows is to allow for enhanced thermal 

regulation of buildings in both hot and cold climates. An LSC-PV module could 

be contained within double or triple glazing window units, providing additional 

thermal insulation and complimentary electricity generation [227]. In depth 

studies on the heat related performance and insulation benefits of LSC-PV 

windows are lacking but for semi-transparent thin-film PV, it has been found a 

triple glazed system achieves a 6% reduction on annual space heating energy 

consumption compared to a double glazed one, whilst achieving a similar 

electrical efficiency [235]. Alternatively, for when there is too much sunlight, Aste 

et al have developed the concept of a smart window utilising LSC technology 

[236]. In their design a fanlight consisting of 4 yellow LSC-PV modules was fixed 

above a regular glass double glazed window. Through sensors and motors 

powered by the LSC-PV, reflective venetian blinds located inside the lower 

window could be altered to regulate the intensity of light coming into the room. 

Batteries were incorporated to allow for 5 days of stored PV electricity and a light-

shelf beneath the LSC-PV modules (protruding in and out of the window) acted 

to reduce glare, heat gain and yellow light entering the room. Real images of 

these aforementioned devices are shown in Figure 30.  
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Figure 30: Examples of real LSC-PV modules for applications in BIPV: (a) Roof Leaf 
module design [237], (b) smart window powered by yellow LSC-PV [236] and (c) 

greenhouse made from red LSC-PV [238]. 

 

 From the literature, it appears LSCs for BIPV are more suitable and studied in 

their application as windows. This could be because of their better electrical 

response at indirect angles, so LSCs are better placed to compete with 

established PV technology when fixed to the side of a building as opposed to its 

top. However, opportunities for roof lighting and falling costs per watt could lead 

to a growing interest in this area. In an intriguing study, Corrado et al fabricated 

a 22.3 m2 greenhouse from red LSC-PV modules of varying designs and 

observed its electrical behaviour over one year [238]. It was found 57.4 kWh/m2 

annually could be generated from the best performing panels, a 37% 

improvement on the reference greenhouse with non-LSC PV incorporated. 

Remarkably, the LSCs showed no decline in their performance over the course 

of the trial and the effect on plant growth was neutral to positive. Thus, 

greenhouses made from LSC-PV modules could have a major impact in meeting 

the electricity demands of the horticultural sector (typically 20 kWh/m2 per year). 

For more conventional buildings, Reinders et al have developed a 0.11 m2 LSC-

PV module called Leaf Roof [237]. With a design appearance resembling a leaf, 

these modules are visually appealing when interconnected and come in various 
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colours each with high efficiencies reported (5.8% for red and 5.5% for green). 

Leaf Roof has an extra advantage over silicon PV modules in that its lower 

thermal conductivity (due to the use of PMMA instead of glass) results in peak 

temperatures 15°C lower than standard silicon PV systems when exposed to 

intense sunlight. This cooling effect benefits the electrical performance of PV 

which can lose 0.4% of its power per °C increase. Finally, Vishwanathan et al 

have modelled and fabricated bent LSC-PV modules which can compete 

efficiency wise with flat LSC-PV; the bent modules had a slight lower efficiency 

at 2.4% vs 2.9% for the flat ones [239]. Notwithstanding the slight decrease, this 

could have positive implications for the realisation of LSC BIPV roofing in a range 

of curved surfaces.  

2.8 Nanoscale Phenomena to Enhance Spectral 

Conversion 

 Recent progress in nanotechnology has made it possible to engineer 

nanostructures to aid spectral conversion processes (especially UC). A major 

problem resulting in the limited efficiency improvements from UC is the limited 

absorption spectrum of the rare earth ions; comparing the absorption regions of 

Yb3+- Er3+ and Er3+ to the AM 1.5 G spectrum, it can be observed that 1050-1350 

nm and >1580 nm photons are not captured. Furthermore, the UC emission is 

often of low intensity. Both of these issues can potentially be rectified through the 

use of nanoscale phenomena. 

2.8.1 Quantum Dots as Rare Earth Ion Sensitizers 

 QDs have been proposed to be used alongside rare earth ions, to widen the 

latter’s excitation range. In 2010, Pan et al introduced PbS quantum dots into a 

Yb3+- Er3+ doped oxide UC layer [240]. These added QDs effectively widened the 

absorption spectrum of the rare earth ions by allowing photons in the 1200-1500 

nm range to be absorbed which would otherwise be transmitted, then emitting 

them at 1530 nm wavelengths which could be used by the Yb3+- Er3+ pair. Upon 

application to a bifacial silicon solar cell a 60% JSC enhancement was observed 

for the PbS-UC layer compared to the UC layer without QDs. By 2014, the same 

group carried out tests on rear coated industrial cells and despite the low 

contribution to EQE at 1500 nm (smaller than the background noise from the 

measuring instrument), the reflection losses were reduced by 20% across the 
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spectrum [241]. This method has been used less often of late, as alternative ways 

of broadening the absorption spectra have been explored.  

2.8.2 Photonic Crystals 

 Photonic crystals are another nanostructure which can be used for enhanced 

spectral conversion. These are optical nanostructures that influence photon 

behaviour in solids which means they have potential to improve UC-PV system 

performance by managing the wavelengths and direction of emitted light [242]. In 

2015, Marcos-Hueso et al coupled PbSe QDs with InP graphite lattice photonic 

crystals and UC properties were significantly improved [243]. The photonic crystal 

behaved as a wavelength modifier by blue shifting the QD emission leading to a 

reduction in re-absorption and focussing the spectrum to the point where 

strongest rare earth ion absorption occurs. As a result, the amount of QD 

emission matching the UC absorption increased 158%. In addition, vertical 

emission grew by a factor of 7.8, ideal for a spectral concentrator since it would 

reduce scattering and lead to a greater portion of photons reaching the cell. 

2.8.3 Core-Shell Nanostructures 

 Spectral conversion particles typically have a small physical size which can limit 

their absorption and hence the ePLQY of the process. One possible solution is to 

add antenna ligands to rare earth ions to increase their absorption cross section. 

Zou et al have reported a 3300-fold enhancement in UC luminescent intensity in 

β-NaYF4 nanoparticles through the addition of a cyanine dye (IR-806) [245]. This 

meant 700-850 nm radiation was able to be captured by the dye and its energy 

passed to the rare earth ions via a fluorescence resonance energy transfer 

process, after which UC can occur. Further developments on the application of 

dyes as ligands to improve UC are presented in a letter by Huang [246].  

 Designing UCNPs with a core-shell nanostructure has also been suggested to 

absorb a broader part of the spectrum [90]. These structures would be composed 

from a core of rare earth ions encompassed by a layered shell of phosphor and 

insulator (such as SiO2) to electrically isolate the UC particles and reduce 

recombination. Multi-shelled structures are also achievable and have excellent 

potential for increasing the amount of radiation absorbed by assigning a rare 

earth ion and region of the spectrum to a corresponding layer (demonstrated in 

Figure 32). This concept has been demonstrated by Shao et al who in 2015 
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fabricated a multi-shell consisting of (from centre to surface): 10 % Er3+ doped 

NaYF4 @ NaYF4 @ 10 % Ho3+ doped NaYF4 @ NaYF4 @ 1% Tm3+ doped NaYF4 

@ NaYF4 (the @ notation is used to denote increasing distance from the core). 

These ions were able to absorb up to 270 nm of the spectrum; 1120-1190 nm, 

1190-1260 nm and 1450-1580 nm for Ho3+, Tm3+ and Er3+ respectively [247]. The 

use of inert pure NaYF4 layers helped minimise cross relaxation losses and the 

lack of absorption at 1350-1450 nm is not too problematic since this portion of 

the spectrum is heavily absorbed by the Earth’s atmosphere. DC core-shell 

nanostructures are less frequently cited for PV applications, although tri-doped 

Ce3+- Er3+ - Yb3+ BaLuF5 with distinct active layers have been prepared for 

potential use in fibre optic communications [248]. 

 

Figure 31: Unit cell of the synergistic plasmonic and photon crystal structure, containing 
perfectly matched layers which are labelled PML. Taken from [244]. 
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Figure 32: 2D cross-section of the core-shell nanostructure with separate rare earth 
ions in each active layer. The ions absorb at different wavelengths and are kept apart 
by an inert layer that prevents them from interacting with each other which would lead 

to energy losses. By using three ions, a wider region of the spectrum can be harnessed 
as shown on the diagram. Modified from [247]. 

2.8.4 Plasmon Resonance 

 Plasmons are quasiparticles which accompany the quanta of vibrations in the 

electron density of a metal. Surface plasmon resonance is a phenomenon that 

can occur at the interface between two materials when the incoming radiation 

frequency matches that of the electron oscillations, resulting in increased photon 

intensity being emitted from the surface. This could be used to benefit UC 

applications to PV by ensuring the higher energy radiation which reaches the cell 

is of a greater power density [249]. Plasmon resonance is often realised through 

core-shell structured UCNPs; Atre et al designed a structure consisting of a UC 

dielectric core surrounded by a crescent shaped Ag shell [250]. They observed a 

100-fold increase in the power of the emitted above band gap radiation towards 

the solar cell and postulated these nanostructure techniques would eventually 

lead to low cost single junction cells overcoming the Shockley-Queisser limit. Liu 

et al went further by preparing Au decorated core-shell β-NaYF4:Er3+/Yb3+@SiO2 

UCNPs and applying them to a DSSC [251]. The UCNPs with the Au surface 

were able to attain JSC measurements 13.3% greater than for a DSSC containing 

the same UCNPs but without the Au shell. In 2016, Luoshan et al carried out a 

similar investigation on DSSCs but added an extra TiO2 layer on the outer layer 

of their UCNPs to act as a transport channel for generated electrons, increase 

dye loading and prevent contact between Au and the electrolyte [252]. Their 

methods led to a 38.2 % improvement in JSC over a DSSC without UCNPs and a 

5.4% JSC enhancement over the device with β-NaYF4:Er3+-Yb3+@SiO2@Au 

UCNPs. This approach has also been utilised in LDS investigations. Ahmed et al 

added Au nanoparticles to their CdSe/ZnS QDs and fabricated plasmonic-LDS 
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layers which demonstrated improved short wavelength EQE and JSC in both c-Si 

and DSSCs; the plasmonic-LDS layers improved JSC by 7.67% relative to the 

reference cell and 5.71% relative to LDS layers without the Au nanoparticles for 

c-Si, and by 8.11% and 5.93% for DSSCs in the same scenarios [253]. Then in 

2019, Garcia et al reported Eu3+ and Ag LDS nanoparticle containing tellurite 

glass covers that improved silicon solar cell PCE 12.71% relative due to 

plasmonic enhancement [254]. 

 Furthermore, in latest studies, advanced nanostructures have been utilised for 

enhancing LSC performance. Liu et al added SiO2 particles to a QD LSC which 

improved the efficiency by 60% relative to the original device due to beneficial 

scattering of incident light, increasing the probability of absorption by the QDs 

[255]. Likewise, El-Bashir et al used gold and silver nanoparticles to enhance the 

luminescence of a thin film LSC via localised surface plasmon resonance, 

achieving a relative efficiency increase of up to 53.2% [256]. In another landmark 

study, Bronstein et al created photonic mirrors with spectrally selective 

reflectance to trap light once it has undergone luminescence, greatly reducing 

escape cone losses and increasing the light concentration on the PV cell by a 

factor of 30 (the highest figure to date for an LSC) [257]. 

 As well as core-shell UCNPs, there are potential synergies from combining 

plasmon resonance with photonic crystals in order to trap light and aid the UC 

process in thin film PV technologies. Le and John proposed a slanted conical 

photonic crystal structure above core-shell rings and a UC layer [244] (cf. Figure 

31). Through modelling, it was found this system could realise an IR spectral 

intensity 1400 times greater than that of AM 1.5 G, meaning the UC process 

would be much more efficient. This design also had the benefit of improved light 

trapping and absorption for light at incident angles up to 60°, highlighting its 

potential for capturing diffuse radiation.  

2.9 Challenges and Opportunities 

 There has been significant progress made in the field of spectral conversion, 

especially in recent years, with enhanced efficiencies report for a range of PV 

technologies but key problems prevent its widespread commercial deployment. 

These factors can be broken down into material and cost related problems. The 

material issues include the non-ideal efficiency of the spectral conversion 
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processes (especially at low light concentrations for UC), their limited absorption 

spectra (particularly for UC) and making sure the light that has undergone 

spectral conversion reaches the solar cell. As seen in 2.8.1-4, nanotechnologies 

may address some of these concerns, but these complicated structures will surely 

add to the fabrication costs.    

2.9.1 Solar Cells Designed for Upconversion 

 In the hitherto presented studies, the solar cells used were not designed 

specifically for UC. The established silicon devices were sourced externally, and 

emerging technology cells fabricated according to previously published methods. 

It could be argued that an area to be taken forward by researchers would be the 

design of solar cells specifically for use alongside UC materials. Rüdiger et al 

suggest practical ways to achieve this by implementing three criteria for bifacial 

solar cells used together with UC: a very high transmittance to photons with 

wavelength greater than 1200 nm for maximum illumination of the UC layer, a 

high EQE on the rear of the cell to wavelengths at which UC photons are emitted 

and a generally high power conversion efficiency to maximise the output power 

[258]. Using data from 2014, they concluded a 3% relative enhancement in power 

conversion efficiency was attainable through optimised cell designs and the 

group then fabricated a bifacial n-type silicon solar cell that attained an EQE of 

1.69% under 1508 nm illumination at an irradiance of 1091 W/m2. When 

normalised to give an NEQE, this corresponded to a 5-fold increase over 

previously published results without optimised solar cells. They also noted a 

textured (as opposed to planar) surface on both sides improved performance and 

anti-reflective coating design considerations led to a trade-off between 

maximising cell efficiency (due to improved EQE at short to mid wavelengths) 

and UC performance; since the former is always the primary objective and UC 

impact is small, it should never be compromised at the expense of greater sub 

band gap transmission. Nevertheless, the design with a double layer (40 nm a-

SiNx:H, 80 nm SiO2) on the front surface and single layer (120 nm a-SiNx:H) on 

the rear surface showed the highest potential across all wavelengths. Further 

considerations include the upscaling to a module scale and stability of the UC 

materials over the typical lifetime of a solar PV system. Furthermore, in 2019 Ho 

et al deposited a SiO2 layer containing Yb3+ - Er3+ co-doped YF3.within matrix 
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grooves at the base of a c-Si solar cell; through combined UC and surface 

passivation, a relative PCE improvement of 13.26% was recorded [259]. 

2.9.2 Simultaneous Up and Downconversion or Luminescent 
Downshifting 

 One approach, which appears to be the logical conclusion, to get the most 

potential from sunlight is the idea of simultaneous up and downconversion (or 

LDS). If successfully implemented, it would allow solar cells to utilise sub band 

gap photons and reduce losses from thermalisation that occur due to short 

wavelength light. This could potentially increase solar cell efficiency to a greater 

level than the Shockley-Queisser limit, even accounting for the additional losses 

that would occur from the DC/LDS potentially absorbing photons that could be 

utilised by the UC material.  

 Yao et al have shown this concept by using rare earth co-doped ZnO UC and 

DC layers which were incorporated into a DSSC [260]. The rare earth ion pair 

used for the DC layer was Eu3+- Tm3+ and Yb3+- Er3+ functioned as the UC layer. 

A remarkable relative power conversion efficiency enhancement of 70.4% was 

recorded for the UC and DC layer containing device compared to a pure TiO2 

electrode device. This result also corresponds to a 53.6%, 25.4% and 14.5% 

relative increase on the ZnO/TiO2, Yb3+-Er3+: ZnO/TiO2 and Eu3+- Tm3+: ZnO/TiO2 

photoanode devices respectively, highlighting the recombination reducing effect 

of the DC layer. Likewise for a-Si cells, Song et al prepared tri-doped Yb3+ - Ce3+ 

- Er3+ ZBLA fluoride glasses which could convert both UV (280-350 nm) and NIR 

(900 -1100 nm) photons to visible (500 – 700 nm) emission through UC and LDS, 

raising the power conversion efficiency of the device by up to 7.6% [261]. In 2018 

the simultaneous use of LDS and UC has also been reported by Ha et al within 

an LSC-PV system. The application of a Pd meso-tetraphenyl-

tetrabenzoporphine complex alongside 9,10-bis(phenylethynyl)anthracene that 

demonstrated TTA-UC into the LSC was able to improve the PCE of a coupled 

DSSC by 27% relative to the same system based on LDS alone [262].  
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Figure 33: Representation of the promising prospect of simultaneous UC and LDS 
which shifts light from both short and long wavelength parts of the spectrum, along with 

the design of the prepared layers which can achieve this for a PV cell. Modified from 
[263]. 

  Nanostructures have also been used to demonstrate simultaneous UC and 

LDS. In 2015, Lee et al designed and constructed a metal nanodisk-insulator-

metal structure (cf. Figure 33) that dually enhanced UC and LDS via plasmon 

resonance [263]. It was fabricated by a nanotransfer method printing technique 

which can be replicated over a large surface area and achieved increased 

luminescence factors of 174 and 29 for UC and LDS respectively, demonstrating 

immense potential for raising the efficiency of high band gap cells. Excitingly, 

some rare earth ion doped compounds have been shown to possess both UC 

and DC or LDS properties under illumination by different wavelengths. These 

multi-modal phosphors include: Er3+ doped K2YbF5 (yellow-orange emission 

under 355, 532 and 980 nm excitation), Tb3+ - Yb3+ co-doped lithium borate glass 

(visible and 976 nm emission under 266, 355 and 976 nm excitation) and Tb3+ - 

Yb3+ co-doped GdPO4 (green and 980 nm emission under UV and 980 nm 

excitation) [264-266]. These all have the potential to aid solar cell efficiency by 

allowing them to use both UV and IR radiation more effectively. Interestingly, the 

widely used Er3+ - Yb3+ co-doped NaYF4 can also be added to this category of 

materials, since Aarts et al showed it to exhibit DC emission of 650 nm and 980 

nm upon excitation by 380 nm illumination [267]. Furthermore, Gavrilović et al 

have prepared Eu3+ and Yb3+-Er3+ doped GdVO4 nanoparticles via a reverse 

micelle method, exhibiting green emission due to both UV and NIR excitation, so 

this compound too has potential as a multifunctional UC and DC material [268].  
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2.9.3 Costs of Spectral Conversion Materials 

 Quantitative financial considerations and comparisons must be made between 

spectral conversion and alternative approaches to realise low cost, high efficiency 

PV devices that harness a wider range of the solar spectrum. Due to the high 

production costs of multijunction cells and their unsuitability for many irradiance 

regions, it could be more attractive to develop relatively smaller efficiency gains 

at a much lower additional cost, thereby reducing the cost per Wp.  

 The EPHOCELL project conducted research in this area, under the European 

Union’s 7th Funding Programme between 2007 and 2013, by being one of the first 

groups to carry out a cost-benefit analysis based on the materials they had 

developed, and future idealised systems, for application to c-Si, a-Si and DSSCs 

[269]. They made the reasonable assumption that the additional cost is 

proportional to the enhancement in efficiency. The materials synthesised were 

Eu3+ and Tb3+ based complexes for LDS and perylene/Pd-octaethylporphyrin for 

UC which achieved relative JSC enhancements of 2.7% and 3% respectively and 

were determined to have high stability over a 10-year period. The minimum costs 

per additional Wp for the LDS and UC to be viable were calculated to be €0.011 

and €0.096. It was also envisaged by 2020, the revenue from this type of 

technology would be worth €3.05 million.  

 In 2018, Day et al presented a formula derived from first principles to determine 

the condition such that an efficiency increasing modification to a PV system would 

lower the overall cost per Wp. For any cell of cost, Ccell, maximum power output, 

Pmax, and cost per Wp equal to Ccell / Pmax , the new cost per Wp resulting from an 

enhanced performance (ΔPCE) at a cost Cmodification , will be given by [29]: 

𝑁𝑒𝑤 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑤𝑎𝑡𝑡 𝑝𝑒𝑎𝑘 =  
𝐶𝑐𝑒𝑙𝑙+𝐶𝑚𝑜𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

(1+∆𝑃𝐶𝐸)𝑃𝑚𝑎𝑥
  (23) 

This general formula can be used to directly contrast cost with any approach used 

to raise power conversion efficiency. Moreover, if the above expression is 

compared with the original cost per Wp of the unmodified cell and each side 

divided by Ccell / Pmax, the resulting equation provides the condition for the 

modification to lower the cost per Wp.  

1+
𝐶𝑚𝑜𝑑𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

𝐶𝑐𝑒𝑙𝑙

1+∆𝑃𝐶𝐸
< 1   (24) 
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 Through the use of the above equation, approximate costs of the rare earth ion 

doped compound (making the assumption that their cost is similar to the rare 

earth element and the host lattice reagents are negligible), the costs of solar cell 

technologies from Table 1 and the ΔPCE enhancements from the most recent 

studies, an interesting approximation can be made, the maximum mass of rare 

earth metal than can be added per Wp of solar cell while still leading to a reduced 

cost per Wp. These values are calculated in Table 6. 

Rare earth 
ion 

Process 
ΔPCE 

relative (%) 
Solar           
cell 

Maximum 
mass of ion 
to reduce 

cost per Wp 
(mg/W) 

Ref 

Er3+ - Yb3+ UC 20.8 PSC 0.16 [173] 
Eu3+ DC 34.4 PSC 0.06 [180] 

Eu2+ LDS 16.0 c-Si 0.15 [184] 

Eu3+ - Dy3+ UC/DC 70.4 DSSC 0.44 [260] 

Table 6: Estimates for the maximum mass of rare earth ion that can be added per Wp 
of solar cell power output to still reduce the cost per Wp, using ΔPCE data from state-

of-the-art studies presented in this chapter. 

 In one of the few studies cited thus far to consider cost, Le Donne et al carried 

out a basic cost analysis on the Eu3+ doped complex used as an LDS material for 

c-Si cells in their work [270]. They estimated the cost per Wp could potentially 

decrease by €0.06. Alternatively, Schulze et al have proposed Zn porphyrin dyes 

as sensitizers for TTA based UC; these materials yield comparable 

photoluminescent performances but at a much lower cost than the heavier rare 

earth ion containing compounds since Zn only costs approximately $2/kg [271]. 

In 2018, Sutherland et al analysed the economics of a tandem LSC architecture 

based on colloidal QDs which could be scaled to large areas [272]. The cost per 

watt was found to be 13% lower as compared to typical c-Si modules, with the 

potential for a 34% reduction through further material and design optimisation. 

Although improving the stability of the LSCs should be a priority since their 

lifetimes were only 9 and 38 months for the top and bottom concentrator 

respectively, significantly less than a commercial c-Si module.  

2.9.4 Future Outlook for Spectral Conversion Materials 

 The following factors are suggested areas of significance where future research 

should be focussed in order to advance the viability of this approach. Firstly, the 
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optimisation of materials used in spectral conversion is clearly a priority for this 

field. The low PLQY and narrow absorption of UC materials has prohibited their 

wide scale use. Various methods have been proposed to overcome these issues, 

but there must also be more comparative analyses between the different 

available host lattices. NaYF4 has emerged as the most promising candidate but 

there needs to be thorough research into its synthesis to improve quantum yields 

or see if another compound could be a more suitable host lattice. In 2017, Kumar 

et al summarised most recent advances for NaYF4 [273] and the following year 

Nair et al reported a facile precipitation synthesis method for rare earth doped 

BaY2F8 [274]. Meanwhile, Favilla et al carried out a comparative analysis of two 

different Er3+ doped fluoride compounds, LiYF4 and BaY2F8. The latter achieved 

a 6.8% EQE at 1494 nm illumination (at spectral intensity equivalent to 8600 

suns) and the better performance was explained from static and dynamic crystal 

properties derived from spectroscopic studies [275]. On the other hand, moving 

away from rare earth ion doped fluorides or oxides and towards TTA in 

organometallic dyes may be an attractive alternative due to their better 

performance at ambient solar light concentrations and potentially lower material 

costs.  

 LDS and DC investigations have produced more pronounced impacts on PV 

device performance by improving response to short wavelength photons at lower 

solar irradiances. However, there is further work to be done on dye stability and 

optimising the process efficiencies. LSCs are a particular area where there is 

immense potential for spectral conversion, perhaps its greatest single application. 

LSC research has as well come a long way in the last 40 years from a theoretical 

concept, to test laboratory devices of improving efficiency and now a budding 

commercial technology with module scale systems being fabricated. In order to 

reach the mass market, the following research challenges should be overcome: 

(i) material optimisation for scaled up LSC modules in terms of minimising self-

absorption losses and maximising power to area ratio, whilst maximising long 

term stability and minimising cost per watt, harmfulness and environmental 

impact, (ii) applying the nanostructures to achieve light trapping and enhanced 

luminescence on a larger scale, through the aid of modelling to determine 

practicality, (iii) applying LSCs to emerging types of solar cell technology as their 

respective costs come down and (iv) a plan for BIPV market share growth by 
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catering to specific building and end user needs from the various LSC 

applications and module appearances available. To summarise, LSCs provide 

unique opportunities for BIPV, predominantly as attractive, electricity generating 

window façades with potential benefits for thermal regulation, but also in other 

niche architectural areas such as greenhouses, public art spaces and noise 

barriers. If studies continue at their current rate of innovation, it is highly likely we 

will see these colourful technologies realised as part of our human landscape in 

the coming decades. However, one area that could be explored more is the 

deployment of spectral conversion materials in LCPV systems beyond the 

standard LSC design.   

 Another material issue in the long term which will need addressing is their safety 

and environmental impact. Lesyuk et al have recently developed Cd free QD LDS 

layers, containing instead Zn-Cu-In-S/ZnS as the light converting materials. The 

simulations and experiments carried out showed that if ePLQYs of >80% could 

be achieved, this would be a viable approach for significant improvements in 

device performance [276]. In addition, costs must be kept minimal so that the 

enhanced performance can ultimately significantly lower the cost per watt, which 

is necessary if this approach is to emerge as a serious competitor to other 

methods of capturing a greater portion of incident sunlight.   

 However, as well as competing against other approaches that can harness more 

of the solar spectrum, there is potential for spectral conversion to be used 

alongside these methods rather than instead of them. Rudiger et al imagined the 

application of UC to III-V silicon tandem solar PV devices, in which the effect of 

UC would be more beneficial for a given performance due to the silicon cells lower 

current than when used in non-tandem systems [258]. Additionally, this author 

would envisage some potential for the application of DC or LDS layers to the PSC 

part of a PSC/c-Si tandem PV system which is widely touted as a low-cost, clean 

energy generation solution. Finally, Shpaisman et al predicted practical 

efficiencies of 38% could be attained for a single junction cell (beyond the 

Shockley-Queisser limit) through the combined use of MEG and UC [277]. 

However, the process efficiencies in their model were optimistic; 25% for UC and 

70% for MEG, both higher than the best performing materials have achieved.  

 



119 
 

2.10 Relation of Knowledge Gaps to Thesis 

 In this chapter spectral conversion has been reviewed as a means to attain 

higher performance for a range of solar cell technologies After overviewing the 

fundamental concepts and materials available, many studies have been 

presented that have attempted to apply these processes in order to utilise the 

spectrum of light incident on solar devices more effectively. It might not be the 

silver bullet it first appears, but there has certainly been considerable 

development in the field from a purely academic exercise to one achieving 

growing demonstrable improvements in the performance of laboratory PV 

devices. One observation from surveying the literature is that in the studies 

quoting the highest increases in performance, it is often secondary effects that 

are responsible for a large proportion of these JSC or power conversion efficiency 

enhancements, especially in emerging PV technologies. This can be interpreted 

in two ways; that spectral conversion in itself may be of limited practical 

applications, or more optimistically that these dual functionalities increase the 

scope for its potential, since the end result of higher device performance and 

lower cost per Wp are the important outcomes regardless of the exact mechanism 

behind the cause.  

 Lowering cost will be a major theme of this project and a key element of this then 

becomes the choice of spectral conversion material to work with; the three 

options are rare earth doped compounds, dyes or QDs. The latest methods using 

nanostructures to develop the highest performing spectral conversion materials 

are likely to be cost prohibitive, until innovative ways are found to scale up 

production. For example, in comparing the price of those commercially available 

from Sigma Aldrich, Er3+, Yb3+ doped NaYF4 powder of particle size 1-5 μm costs 

£135 for a 25 g sample [278], whereas the same rare earth ions doped into NaYF4 

20 nm nanoparticles cost £223 for 0.01 g dissolved in 1 ml of toluene [279]. 

Therefore, state-of-the-art nano-engineering techniques, newly synthesised 

materials and material optimisation will therefore be beyond the scope of this 

thesis. Alternatively, the Lumogen series of dyes have been used widely for LSCs 

and LDS layers to great effect but there are issues with their long term stability to 

sunlight (their PLQY drops to 80% of its peak value after one year [280]) and the 

cost of these materials, although not extortionate, still comes in high at €7000-

9000/kg at an industrial scale [38]. CdSe/ZnS core-shell structured QDs have 
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also performed well but are currently very expensive, costing £561 per 25 mg 

[281]. Considering these factors, it is the rare earth doped compounds that are 

deemed the most sensible choice of material.  

 CPV is one area where spectral conversion has excellent potential; LSCs have 

already demonstrated this but one area lacking is the application of spectral 

conversion to other LCPV systems. The 3D static concentrators, that 

demonstrate similar potential for attractive BIPV systems, have yet to be tested 

for enhancements via spectral conversion. Designing a new concentrator would 

again, like working with new materials, be above the level of depth required for 

this work. So, of the available 3D concentrators, SEH are selected because of 

their use in proposed BIPV systems, simple fabrication procedure and suitable 

geometric concentration ratio. Additionally, it has been observed that the most 

successful UC results have occurred under high intensity light concentration, >90 

suns, which for practical applications fall under HCPV that are not considered 

due to high costs and unsuitability for global deployment. Therefore, the primary 

focus will be on DC/LDS processes in the 300-500 nm region of the spectrum 

because these have showed more signs of progress than UC at irradiances <10 

suns.  

 Next the PV cells themselves must be chosen, using a similar vein of thought to 

decide. Since c-Si cells have issues with lower short wavelength spectral 

response, have had rare earth doped compounds successfully applied to them 

and are a mature technology that makes up the overwhelming majority of 

installations today with suitability for use in LCPV, they were chosen as the PV 

cell to consist of the bulk of investigations. Furthermore, PV cells with spectral 

conversion materials tend to be characterised under 1 sun but illuminating them 

at different fractional levels of solar irradiance could yield better understanding of 

the impact of spectral conversion at different light intensities. In addition, by 

changing the angle of incidence of light on the concentrator-cells, it can be proven 

that spectral conversion is a viable approach for off-normal incident radiation in 

these systems.  

 By acknowledging the rapidly evolving market it was also deemed necessary to 

try these same methods on an emerging PV technology as well. Ideally this 

should be PSCs due to their rapidly growing efficiency and path to 

commercialisation, but through their fabrication process, it is still difficult to 
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produce quality and stable devices in air. As a result, DSSCs which lack the 

higher efficiencies of PSCs but are simpler to fabricate and are still likely to have 

a growing share of the PV market in years to come, are chosen to be investigated. 

DSSCs have benefitted immensely from spectral conversion via rare earth 

containing compounds and the materials used in cutting edge work take 

advantage of nanoscale phenomena to achieve the best results. However, for 

cost reasons it would be interesting to see what may be achieved by simpler 

materials (the same ones to be used for c-Si). The jury is still out on whether an 

external layer or adding spectral conversion particles internally is best for PSCs, 

but the latter appears to have worked best for DSSCs, so this seems the logical 

option for subsequent experimental work. Also, the variation of spectral 

conversion enhancements with respect to the layer thickness within an emerging 

PV device and how it varies with incident light concentration are other areas 

lacking in the literature which will be explored in this thesis. As with c-Si devices, 

there is a lack of DSSCs tested under varying light concentrations, both sub-1 

sun and coupled to a 3D concentrator. The exact specifications for which spectral 

conversion materials were used, how they were integrated with the relevant PV 

and LCPV systems and how the electrical performance is characterised in a way 

consistent with the established literature are given in chapters 3, 4 and 5.   

 Finally, simple mathematical models will be used to justify experimental results 

which is important to deepen the understanding of underlying principles. Ray 

tracing has been utilised with great effect for modelling all sorts of concentrators 

including LSCs and systems combined with spectral conversion materials. 

Nevertheless, for the specific 3D static concentrators (CPC and SEH), there has 

been little theoretical enquiries into the nature of how adding impurities will affect 

their optical properties and performance of the coupled PV. This thesis will also 

aim to give an overview of the material costs involved and apply a simple cost-

analysis to determine the potential economic benefits of spectral conversion, 

something again lacking a clear presence in the literature. The holistic scope of 

the work is summarised in Figure 34.  
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Figure 34: Nexus of issues and research themes addressed in this thesis based on the 
web of current PV technology and knowledge. Topics within green boxes fall within the 

scope of this work and white boxes are beyond that which is considered. 
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Chapter 3. Material Properties, 
Characterisation Methods and Application 

to Silicon PV 

3.1 Introduction  

 In this chapter the two rare earth compounds which form the basis of subsequent 

investigations are presented and characterised through UV-Vis spectroscopy, 

SEM, XRD and photoluminescent spectroscopy. The silicon solar cells used in 

chapters 3 and 4 are also described and characterisation procedures (through 

the solar simulator and IPCE) outlined. Thin films containing the two rare earth 

compounds in different media (TiO2 and Sylgard) are first prepared separately on 

glass substrates and then applied as a coating to individual solar cells to study 

their impact on device performance.  

3.2 Choice of Materials  

 The spectral conversion materials of primary concern for this thesis (Sr4Al14O25: 

Eu2+, Dy3+ and NaYF4: Er3+, Yb3+) were judged on the criteria outlined towards 

the end of chapter 2. These included: low-cost, commercial availability, non-

toxicity, demonstrating luminescence in regions of relevance for given solar PV 

technologies and ease of application to form a film above the cell. Also, of 

importance were the materials possessing high quantum efficiencies for the 

relevant spectral conversion processes. These were expected to be high 

because the chosen materials were metal oxides and halides (which have low 

phonon energies, thus a greater iPLQY). Moreover, previous works had 

measured the iPLQY to be 80.4% for Sr4Al14O25: Eu2+, Dy3+ and 64% for NaYF4: 

Yb3+ Er3+ [179, 267]. 

 

3.2.1 Sr4Al14O25: Eu2+, Dy3+ 

 The first rare earth doped compound to be selected was Sr4Al14O25: Eu2+, Dy3+. 

This non-toxic material is a beige powder demonstrating highly persistent blue-

green luminescence due to the presence of rare earth ions and has primarily 

found commercial use in ‘glow in the dark’ lighting displays [282] (cf. Figure 35).  
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Figure 35: Sr4Al14O25: Eu2+, Dy3+ powder in vessels: a) ground and b) unground.  
Persistent phosphorescence was observed after exposure to simulated sunlight in both 

samples: c) ground and d) unground.  

 Strontium aluminate comes in different chemical formula and structures. These 

are SrAl2O4 or SrAl4O7 (monoclinic), Sr3Al2O6 (cubic), SrAl12O19 (hexagonal) and 

Sr4Al14O25 (orthorhombic) [283]. Sr4Al14O25 was chosen due to its lower price than 

SrAl2O4 and suitable photoluminescent properties for solar cells as demonstrated 

by Sun et al in 2014 [179]. In their work, cited in 2.5.2, Sr4Al14O25: Eu2+, Dy3+ was 

used to enhance QDSC efficiency by 37% relative. Interestingly, the 

phosphorescence was able to drive a current for 1 minute after illumination, 

meaning there is at least conceptual potential for glow in the dark solar cells, 

although this innovative aspect will not be further investigated in this work. Sun 

et al’s photoluminescence spectra showed that Sr4Al14O25: Eu2+, Dy3+ was excited 

by photons from 300-450 nm (with a peak at 365 nm) and re-emitted them at 450-

550 nm (with a peak at 490 nm).  

 Despite the strong performance of ZnO in an earlier work [178], where a JSC 

enhancement of +6.06 mA/cm2 was achieved, and its low cost per kg due to the 

wide availability of Zn, Sr4Al14O25 was selected as a host material for two reasons. 

Firstly, because the ZnO was deployed alongside graphene loading which was 

the main effect in raising device performance (compared to a graphene loaded 

DSSC without rare earth doped ZnO, the JSC was only raised by 4.26 mA/cm2), 

so it felt more appropriate to test a material which had demonstrated enhanced 

PV characteristics on its own. And secondly, because rare earth doped ZnO was 

not commercially available and synthesising rare earth doped compounds from 

their essential reagents was deemed to be beyond the scope of this work. 

 Given these properties, Sr4Al14O25: Eu2+, Dy3+ of 99% purity was sourced from 

Sigma Aldrich. In this product the doping level of Eu and Dy were 6% and 10% 

respectively and emission was described as blue-green, consistent with Sun et 
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al. It also had a quoted particle size of 180 mesh (74-88 μm) and initial studies 

showed the material too coarse to be effectively incorporated with solvents. To 

resolve this issue, an agate mortar and pestle was used to grind the powder for 

30 minutes, in order to reduce the particle size and produce a finer powder that 

would be easier to mix into an embedding agent.  

3.2.2 NaYF4: Er3+, Yb3+ 

 It goes without saying that from the previous chapter, NaYF4: Er3+, Yb3+ has 

featured heavily in spectral conversion studies. As well as application for UC from 

980 nm excitation, Aarts et al demonstrated potential for DC through 380 nm and 

451 nm excitation [267]. The transitions from 2H11/2 to 4I15/2, 
4F9/2 to 4I15/2, 

4S3/2 to 

4I13/2 and 4I11/2 to 4I15/2 are responsible for emission at wavelengths 550 nm, 650 

nm, 840 nm and 980 nm respectively. The relative strength of the emission at 

these different wavelengths depends on the concentration of the Yb3+ ion. 

Following this potential, a commercially available sample of NaYF4: Er3+, Yb3+ 

was supplied from Sigma Aldrich, containing 3% Er3+ and 20% Yb3+. The particle 

size was quoted as 1-5 μm and the emission described as green to NIR. In 

addition, the substance was a white powder as shown in Figure 36 and much 

finer than the Sr4Al14O25: Eu2+, Dy3+ sample, so grinding it in order to reduce 

average particle size was not deemed necessary.  

 

Figure 36: NaYF4: Er3+, Yb3+ powder in a vessel. Unlike the Sr4Al14O25: Eu2+, Dy3+ 
sample, it did not exhibit phosphorescence once the lights had been turned off after 

exposure to sunlight, so the lifetimes of its photoexcited states are much shorter.  

 3.3 Initial Characterisation  

 It is important to characterise materials via established procedures which are 

used throughout the field because it will help verify the manufacture claims about 

their properties. The following techniques were used: x-ray diffraction, scanning 
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electron microscopy and photoluminescent spectroscopy. The basic principles of 

each of these methods are briefly discussed and the relevant data for the chosen 

rare earth doped compounds presented.  

3.3.1 X-ray Diffraction 

 X-ray diffraction (XRD) is a powerful technique used to study crystalline materials 

that can determine their structures, phases, preferred crystal orientations, 

crystallinity, strain and defects [284]. The fundamental principle behind XRD is 

the diffraction patterns that occur from the elastic scattering of monochromatic x-

rays passing through a crystalline structure, due to their wavelengths being of 

similar size to the lattice spacing much like how gratings can produce optical 

effects for visible light. This interaction was discovered by Von Laue in 1912, and 

soon after in Manchester, UK, Bragg derived the conditions for constructive 

interference [285]: 

𝑛𝜆 = 2𝑑 sin 𝜃  (25) 

 In this equation, d is the lattice spacing between the ions, θ the angle between 

the incident beam and the horizontal, λ the wavelength of the x-ray and n a 

positive integer. From Figure 37, it can be seen the expression shows the path 

difference between the two rays undergoing diffraction to be consistent with the 

described equation, with constructive interference occurring when this is 

equivalent to an integer number of wavelengths.  

 

Figure 37: Representation of the derivation of Bragg’s law of x-ray diffraction. Lattice 
ions separated by a distance, d, and subject to an x-ray beam of angle θ to the 
horizontal, will result in constructive interference when integer multiples of the 

wavelength are equal to 2dsin θ. Taken from [286]. 

 These points which represent atoms, ions or molecules in a given crystal 

structure will be arranged into a repeating unit cell. When a sample powder is 
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characterised its composite unit cells will be randomly orientated. Thus, through 

varying the angle of the incident beam (as per Figure 38) and measuring the 

resulting intensity of the collected x-rays, all possible diffraction patterns can be 

observed [287]. Materials have a characteristic ‘fingerprint’ distribution of the 

peaks obtained, so by comparing the results from the measured sample to that 

from a standard database, the phase and structure may be determined. Since the 

angle between the incident ray and diffracted beam is 2θ, XRD data outputs are 

mostly given as intensity (in counts) on the y-axis and 2θ on the x-axis.  

 

Figure 38: The simple layout of an x-ray diffractometer. The x-ray tube and detector 
can move along the circumference of the circle so that θ and 2θ can be varied to 

produce a profile. Taken from [287]. 
 In these investigations, a Siemens D5000 Powder Diffractometer was used for 

analysing the rare earth doped compounds. The x-ray tube used a radiation 

source containing a Cu anode powered by a 40 kV voltage and 30 mA current to 

produce K-α x-rays of wavelength 1.54 Å. To prepare the materials for XRD, 

powders were placed in a sample holder (cleaned thoroughly with ethanol) and 

glass pressed across them to make the substance flat and uniform. Then, they 

were placed in the machine where they would sequentially be elevated to the 

platform and exposed to the x-ray beam for the duration of the scanning program. 

The program took measurements for 2θ = 2-70° in steps of 0.02° at a rate of 1 

step/s.  

 The results for the XRD of the two materials are given in Figure 39. The output 

data could be smoothed using an operation in the software (this factor was set to 

0.05, for the displayed graphs). Despite the still noisy spectra, comparing that 

obtained for Sr4Al14O25: Eu2+, Dy3+ with another work, it can be seen the peaks at 

2θ = 25°, 28°, 31° and 34° align [288]. Likewise, for the much cleaner NaYF4: 
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Er3+, Yb3+ spectrum, the peaks at 2θ = 18°, 30°, 31°, 43° and 53°, match with 

those identified in Wu et al’s work [289]. This indicates the materials possess a 

crystal structure consistent with the literature and they are of the high purity levels 

claimed. The International Centre for Diffraction Data (ICDD) profiles for the 

closest in chemical composition to each material within the power diffraction 

database are also shown in Figures 40 and 41.  

 

 

Figure 39: XRD profiles obtained for: a) the ground Sr4Al14O25: Eu2+, Dy3+ and b) 

NaYF4: Er3+, Yb3+ powder. 
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Figure 40: ICDD profile for Sr4Al14O25 from the powder diffraction profile database.   

 

Figure 41: ICDD profile for NaYF4: Er3+, Yb3+ from the powder diffraction profile 
database.   

3.3.2 Scanning Electron Microscopy 

 Scanning electron microscopy (SEM) is another widely used and highly useful 

experimental method that allows materials to be seen at the nanoscale, beyond 

the limitations of traditional optical microscopes. SEM works by accelerating 

electrons to high energies and bombarding a target sample with them, generating 

signals from the resulting interactions which can then be used to produce digital 

images. The two processes which can be detected to aid in microscopy are 

secondary electrons and back scattered electrons. Secondary electrons are a 

beam of lower energy electrons emitted from the sample, following exposure to 

the primary high energy beam whereas back scattered electrons are of the same 

0

100

200

300

400

500

600

700

800

20 30 40 50 60 70

In
te

n
si

ty
 (

co
u
n
ts

)

2θ (°)

Sr4Al14O25 ICDD profile

0

20

40

60

80

100

120

140

160

180

200

20 30 40 50 60 70

In
te

n
si

ty
 (

co
u
n
ts

)

2θ (°)

NaYF4: Er3+, Yb3+ ICDD profile 



130 
 

initial high energy. These can both be detected by an Everhart-Thornley detector 

[290], surrounded by a Faraday cage, which coverts them into digital signals for 

image processing. Furthermore, electron-dispersive x-ray spectroscopy (EDXS) 

often accompanies SEM, since the high energy electrons can lead to x-ray 

emission from the atoms within the sample and by observing the characteristic 

peaks in the spectra of these energies, the elements present may be identified.  

 For this thesis, the FEI Quanta FEG 650 SEM was used to obtain images of the 

rare earth doped compounds and other thin films and conduct basic EDXS. This 

equipment can attain magnification levels of 100,000 times higher resolution than 

the naked eye through accelerating electrons to a potential of up to 30 kV and it 

also has EDXS capabilities. The samples were placed onto a carbon stub in order 

to reduce background contributions to the signal and then carefully onto a stage 

within a vacuum chamber. Some materials require further measures, in the form 

of a gold sputtered coating [291] to eliminate charge build-up which lowers the 

quality of SEM images, but this was not deemed necessary for gathering these 

images. Finally, the parameters of the electron beam were set, and images sent 

to the computer display. These images for the Sr4Al14O25: Eu2+, Dy3+ samples, 

before and after grinding, are displayed in Figure 42.   

 

Figure 42: SEM images obtained for the Sr4Al14O25: Eu2+, Dy3+ powder samples: a) 
unground and b) ground. 

3.3.3 Photoluminescent Spectroscopy 

 Photoluminescent spectroscopy is an experimental technique that yields 

information about the range of wavelengths that excite and are emitted by a 

material that exhibits photoluminescence. In order to characterise the 

photoluminescent materials featured in this a work, an FS5 Spectrofluorometer 

(Edinburgh Instruments) was used. This equipment contains a 150 W xenon arc 

lamp as a light source and monochromators based on reflective optics in a 
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Czerny-Turner design that provides an accurate focus at all wavelengths and 

minimal stray light [292]. The beam incident on a sample has high brightness and 

a variable bandwidth from 0-30 nm, before passing into one of three detectors: a 

reference detector (to correct for fluctuations in the light source), a transmission 

detector (for absorbance) and a single-photon counting detector to give highly 

sensitive measurements of the amount of emitted radiation in counts per second 

(CPS). The detectors can also have their bandwidth altered from 0-30 nm.  

 Before conducting an excitation or emission scan, the ‘plug and play’ aspect of 

the machine’s accompanying Fluoracle® software is utilised to vary the excitation 

and emission detection wavelengths and bandwidth parameters to obtain a 

maximal instantaneous CPS measurement; a wider emission and excitation 

bandwidth sharply increases the CPS (typically signal bandwidths of 1-3 nm 

ensured quality spectra). The values quoted in the literature as the excitation and 

emission peaks for Sr4Al14O25: Eu2+, Dy3+ and NaYF4: Er3+, Yb3+ were used a 

starting point and were indeed close to the values that produced the highest CPS 

values. The CPS value should ideally be ≈ 1 million for emission and excitation 

peaks to yield a decent spectrum, although this number shouldn’t go over 1.5 

million as this has the potential to damage the detectors (a red text warning would 

display, if this situation arose).   

 The measurements were taken for the Sr4Al14O25: Eu2+, Dy3+ and NaYF4: Er3+, 

Yb3+ powders themselves in cuvettes and for the rare earth compounds mixed in 

a transparent polymer coating on glass (preparation steps for this thin film are 

given in 3.4). The thin film sample excitation and emission spectra were more 

relevant for practical considerations than those observed for the powders and the 

coatings with a doping level of 1% yielded strong spectra and are closest to the 

average concentration, so are the measurements presented subsequently. 

Furthermore, both ground and coarse Sr4Al14O25: Eu2+, Dy3+ powders were 

illuminated, and similar profiles observed, so the grinding had not significantly 

affected its photoluminescent properties. Excel was then used to perform 

baseline corrections and normalisation, producing the excitation and emission 

spectra for Sr4Al14O25: Eu2+, Dy3+ and NaYF4: Er3+, Yb3+ that are shown in Figures 

43-46. It can be seen that Sr4Al14O25: Eu2+, Dy3+ is broader in its excitation and 

emission peaks at 360 and 495 nm respectively, each with a Gaussian profile. 

On the other hand, NaYF4: Er3+, Yb3+ shows narrower excitation peaks spread 
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across the visible spectrum with two modes of photoluminescence observed; one 

under 380 nm excitation with the most intense emission occurring from 650-680 

nm, and another following excitation at 450 nm, with the most prominent emission 

peak at 553 nm. Furthermore, it was of interest to see if UC could be observed in 

NaYF4: Er3+, Yb3+ by exciting at 979 nm. This sample had primarily been 

described as a phosphor which exhibits green emission under UV-blue excitation, 

so may have been prepared primarily for this purpose. However, since it 

possesses the same chemical structure, it was shown to exhibit small visible UC 

under NIR illumination (Figure 46). It is also proposed that 979 nm emission may 

be present under UV-blue illumination but unable to be observed due to the 870 

nm limit on the detectors.  

 The emission spectra of the different doping levels, 0.25% to 2%, (with constant 

bandwidth to compare relative peak intensity) are also shown in Figures 47 and 

48 for each material, which as expected, display an increased CPS with doping 

concentration. However, as will be seen in 3.4.2, the transmittance also 

decreases sharply with increased rare earth compound concentration level, so 

the optimal concentration for improving solar cell performance may lie between 

the extremes. Finally, and of interest to this study for PV cells where the incident 

solar radiation comprises of a range of wavelengths, and ultimately their use with 

LCPV concentrators that absorb UV radiation, it was deemed necessary to excite 

the materials at 400-440 nm in 10 nm intervals and constant bandwidth, to verify 

emission can take place at these wavelengths and classify their emission peaks. 

It can be seen from the resulting spectra for both materials shown in Figures 49 

and 50, that significant photoluminescence does indeed still occur, and a redshift 

is observed in the emission peak with increasing excitation wavelength.  

 

Figure 43: Photoluminescence spectra for 1% Sr4Al14O25: Eu2+, Dy3+ doped thin film. 
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Figure 44: First photoluminescence spectra for 1% NaYF4: Er3+, Yb3+ doped thin film. 

 

Figure 45: Second photoluminescence spectra for 1% NaYF4: Er3+, Yb3+ doped thin film. 

 

Figure 46: Emission spectrum for 1% NaYF4: Er3+, Yb3+ doped thin film under 979 nm 
excitation.  
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Figure 47: Relative emission spectra for 0.25, 0.5, 1 and 2% doped Sr4Al14O25: Eu2+, 
Dy3+ doped thin films under 360 nm excitation. 

 

Figure 48: Relative emission spectra for 0.25, 0.5, 1 and 2% doped NaYF4: Er3+, Yb3+ 
doped thin films under 380 nm excitation. 
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Figure 49: Relative emission spectra for the 1% Sr4Al14O25: Eu2+, Dy3+ doped thin films 

under 400, 410, 420, 430 and 440 nm excitation. 

 
Figure 50: Relative emission spectra for the 1% NaYF4: Er3+, Yb3+ doped thin films 

under 400, 410, 420, 430 and 440 nm excitation. 

 

3.4 Thin Film Preparation and Characterisation 

 The materials existed in a powder form and as discussed in 2.3, need to be 

embedded within a near-transparent medium in order to be applied as a thin film 

and ultimately on top of a solar cell. In this subsection different experimental 

techniques and materials for achieving this are elucidated.  

3.4.1 Spin Coating 

 Spin coating is a common procedure used to apply a thin film to a substrate. Its 

main advantage over other coating techniques is its simplicity for achieving a 

uniform film. However, one drawback is that a large amount (up to 90%) of the 

coating fluid is wasted as it flies off the edge, meaning it can sometimes be not 

very cost effective. In a spin coating process, a small quantity (of order 100 μl) of 
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fluid, consisting of the particles desired to form a layer from dissolved in a solvent, 

is released drop by drop from a micropipette onto a substrate attached via suction 

from a vacuum pump to a platform which rapidly rotates (typically 1000-10000 

RPM) for a short period of time, usually around a minute. There are two dispense 

techniques, static and dynamic, depending on whether the substrate is stationary 

or already revolving when the liquid is applied.  During rotation, the centripetal 

force and surface tension act on the fluid pulling it outwards to produce an even 

coating [293]. The solvent is then evaporated, mostly from airflow throughout the 

spinning, while remnants can be removed through either drying in air or heating 

on a hot plate. 

The main parameter for determining the thickness of the film is the spin speed. 

The two quantities are connected by the following relationship: 

𝑡 ∝
1

√𝜔
  (26) 

In this expression, t is the film thickness and ω the angular velocity of the 

substrate. The spin coater used to apply films was a MIDAS SPIN-1200D which 

had a rotation speed range from 300 to 7000 RPM with a quoted accuracy of 1%. 

Up to 20 ‘recipes’ may be created and stored using the arrow buttons and display 

screen to set the spin speeds, acceleration times and spin times, with multiple 

steps available for a single procedure. It was important to optimise the spin 

coating method in order to avoid the common pitfalls which lead to a non-uniform 

coating. Figure 51 shows six of these frequent mistakes and their characteristic 

appearance on the substrate. These patterns include: air bubbles on the surface 

(from air bubbles in the fluid or a faulty micropipette tip), outward streaks (from 

too high a fluid dispensing rate), swirl (from the fluid hitting the substrate too far 

from the centre and too short a spin time), circle in the centre (from off centre fluid 

deposition or a fault with the vacuum chuck), uncoated areas (from an insufficient 

volume of fluid dispensed) and pinholes (from impurities in the dispensing fluid or 

substrate surface). When initially trialling the spin coating technique, many of 

these resemblances were observed, so were sought to be avoided by following 

the as described troubleshooting steps [294]. 
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Figure 51: Common spin coating error patterns: a) air bubbles on wafer surface, b) 
comets, streaks or flares, c) swirl pattern, d) centre circle chuck mark, e) uncoated 

areas and f) pinholes. Taken from [294]. 

3.4.2 UV-Vis Spectroscopy 

 UV-Vis spectroscopy is a vital tool in solar energy materials research that allows 

the optical properties of matter to be determined. In classical optics, when light 

interacts with a body, there are three possibilities; it can be absorbed by the 

material, transmitted through the material or reflected by the surface. These can 

be quantified by defining the transmittance, T, and reflectance, R, which are given 

as the ratio of the power of the transmitted light (PT) and reflected light (PR) 

respectively, to the incident light (P0). 

𝑇 =
𝑃𝑇

𝑃0
  (27) 

𝑅 =
𝑃𝑅

𝑃0
  (28) 

 The light absorbed by the material or absorptance, A, can then be calculated as 

such: 

𝐴 = 1 − 𝑇 − 𝑅  (29) 
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 Another quantity that can be derived from UV-Vis spectroscopy is called the 

absorbance (Abs) and is often stated in studies. It is a measure of the amount of 

radiation that is not transmitted (including reflection and absorption) and is 

defined as follows: 

𝐴𝑏𝑠 = − log 𝑇  (30) 

 Each of these properties will be highly wavelength dependent, hence in this 

method, the light source used is able to vary its wavelength across the UV, visible 

and NIR regions of the electromagnetic spectrum. The machine used for 

measuring the transmittance was a Perkin Elmer UV/VIS/NIR Spectrophotometer 

Lambda 1050 model. This equipment uses halogen tungsten and deuterium light 

sources along with double holographic grating monochromators to produce an 

operating range of illumination from 175-3300 nm. To obtain data, samples are 

placed in a compartment where they are exposed to the radiation and in the path 

of high sensitivity photomultipliers and Peltier-controlled detectors, to send 

signals to a computer display [295]. 

 The UV WinLab™ software was used to initialise the system, by selecting the 

range of wavelengths to be measured, scanning speed (fixed at 3.7 nm/s) and 

number of samples to be measured. For most studies, the range chosen was 300 

– 1100 nm because beyond these wavelengths were of less concern for the 

relevant solar cells to which the materials would be applied.  In the case of a 

sample consisting of a thin film on a glass substrate, two possible transmittance 

measurements could be obtained. At the start of the run, a 100% T correction is 

requested which will be used to give the desired transmittance data for the 

remaining scans. If the transmittance of the entire material, including the 

substrate, is needed then for the 100% T correction, the sample compartment is 

left empty. However, if the transmittance of only the thin film coating is required, 

then placing a clean, bare identical glass substrate in the illumination area during 

this period will allow it to be ‘subtracted’ from the rest of the samples, meaning 

the transmittance data will only be for what is on top of the substrates. The latter 

procedure is useful since for solar cell coatings, only the transmittance of the thin 

film is of interest. Absorbance could also be measured directly, but since all the 

software does is apply the above equation, these values could be more aptly 

calculated from the transmittance data. Any potential solar cell coating will need 
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to have a high transmittance in the areas of high EQE, so as not to significantly 

affect the amount of light reaching the solar cell and hamper the device 

performance.  

3.4.3 Sylgard 

 Sylgard184® is the commercial name of polydimethylsilicone (PDMS), a polymer 

elastomer and solar cell encapsulant with excellent optical and adhesive 

properties. These include high transparency (for wavelengths relevant to silicon 

solar cells), a refractive index of approximately 1.4 across visible and NIR 

wavelengths (so it is suitable for use as an optical coupling in 3D static LCPV 

modules made from glass or other transparent polymers), a relatively long pot life 

(2 hours), a facile and room temperature curing process, chemical inertness and 

thermal stability up to 200°C [296]. 

 The Sylgard184® set comes in two parts, A and B. In order to make the 

encapsulant these parts must be mixed together at a ratio of 10 parts A to 1 part 

B. To achieve a homogenous resulting layer, it is important to minimise the bubble 

formation during preparation. Therefore, the mixing was carried out in a larger 

radius beaker and stirred at an appropriately slow speed to fully merge the 

components without generating lots of air pockets. More importantly, a vacuum 

oven (MTI technologies EQ-DZF-6210 Vacuum Oven) was used to degas the 

solution (by exposing the solution to a very low pressure, trapped air would be 

able to escape) at several stages in the mixing process: when part A was 

measured out, when part A and B were fully mixed and after any particles were 

dispersed into the Sylgard.  

 Given the aforementioned beneficial properties of Sylgard, it could be used as a 

near-transparent embedding media for the spectral conversion materials 

Sr4Al14O25: Eu2+, Dy3+ and NaYF4: Er3+, Yb3+. This was realised by adding the 

rare earth compound powders in specified amounts to Sylgard once parts A and 

B had been mixed and using a magnetic stirrer for several minutes to disperse 

the particles in a similar method to Qu et al [140]. However, the high viscosity of 

the Sylgard partially limited the effectiveness of the stirring, so to further ensure 

a homogenous distribution, the mixture was subjected to ultra-sonication by 

placing the beaker in the bath of a Hilsonic® ultra-sonicator for 10 minutes.  
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 Deposition of the Sylgard on substrates was achieved either by the spin coating 

method or drop casting in which the coating is simply applied in a small amount 

and left to spread across the surface while it sets. Again, the high viscosity of the 

solution limited the effectiveness of dynamic spin coating as the micropipette was 

unable to intake or dispense the fluid properly. Therefore, static spin coating was 

used in some early tests, but the films were not very uniform, so ultimately drop 

casting proved the more effective technique. In Figures 52 and 53 are shown the 

UV-Vis spectra for Sylgard with added rare earth doped compounds prepared to 

these methods in weight percentages of 0% (i.e. no rare earth compound), 

0.25%, 0.5%, 1% and 2% and drop cast on acrylic substrates.  

 
Figure 52: Transmittance of the Sr4Al14O25: Eu2+, Dy3+ doped Sylgard layers, in 

concentrations by weight from 0-2%, drop casted on acrylic. 
 

As expected, there is a clear decrease in transmittance with an increase in rare 

earth compound concentration. Furthermore, NaYF4: Er3+, Yb3+ appears to 

have a higher transmittance across most visible wavelengths for a given weight 

percentage and most spectra show a lower transmittance from 300-400 nm, 

indicating possible absorption from the rare earth ions. Thus, potential was 

demonstrated for application to silicon solar cells. 
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Figure 53: Transmittance of the NaYF4: Er3+, Yb3+ doped Sylgard layers, in 

concentrations by weight from 0-2%, drop casted on acrylic. 
 

3.4.4 TiO2 

 Titanium dioxide (TiO2) is a metal oxide compound which has found several 

applications including in paints, plastics, paper textiles and inks, corrosion-

resistant coatings, anti-bacterial agents, cosmetics, water and air purification and 

food additives [297]. It occurs naturally in different crystal forms, the most 

common being rutile and anatase; the former is more compact and opaquer, the 

latter possesses greater transparency and stability at nanoscales. More recently 

and with regards to solar energy, anatase TiO2 has been used as the electron 

transport layer in emerging PV technologies such as PSCs and DSSCs. This is 

due to its excellent optical, structural and electronic properties that allow it to form 

a mesoporous scaffold to undergo dye adsorption or aid perovskite growth, which 

when on top of a transparent conducting oxide coated glass forms the working 

electrode of a PV device. For current to flow upon exposure to light, other 

components must be added which will be presented alongside operating 

principles in detail in section 5.2. In addition to uses in emerging PV, TiO2 has 

also been suggested as a coating for silicon solar cells due to its anti-reflective 

behaviour as well as high transparency, low cost per area and chemical stability 

[298].  

 The TiO2 primarily used in these investigations was a Greatcell 18NR-T 

transparent titania paste. This initially takes the form of a yellow paste that 

contains 20 nm TiO2 particles, at a concentration of 19% by weight, within organic 

binders. This paste may be applied to a substrate by spin coating (following 
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dilution and mixing in ethanol to reduce viscosity), screen printing or doctor 

blading (these latter two processes will be discussed for DSSC fabrication in 

chapter 5). Once the film has been coated, it must be heated to 500°C to 

evaporate the binders and leave a sintered deposition.  

 The rare earth compounds could be added to the TiO2 solution before it was spin 

coated by mixing in a vortex mixer (Stuart SA8) and further treated by ultra-

sonication. This is not an ideal method, since the particles did not readily dissolve 

and disperse (recalling from 3.4.1 impurities would affect coating quality) but 

initial tests showed the films to be of acceptable standards and UV-Vis 

spectroscopy showed a high transparency (cf. Figure 54). Therefore, these films 

were to be further investigated and applied to solar cells.  

 

Figure 54: Transmittance spectrum of TiO2 (Greatcell 18NR-T) containing 10% 
Sr4Al14O25: Eu2+, Dy3+ by weight and spin coated at 6000 RPM on a glass substrate. 

 It was also proposed to produce TiO2 in house, rather than rely on the costlier 

pre-prepared paste. In order to do this TiCl4 was sourced from Sigma Aldrich (≥ 

99% purity) and reacted with high quality ethanol (≥ 99.5% purity) to form titanium 

ethoxide (Ti4(CH2CH2O)16), in a sol-gel method previously proposed by Zhu et al 

[299]. The overall reaction is expected to be:  

4 TiCl4 + 16 CH3CH2OH  Ti4(CH2CH2O)16 + 16 HCl  (31) 

 The resulting Ti4(CH2CH2O)16 can then, after deposition, be heated to undergo 

hydrolysis when exposed to air at its surface, leading to the formation of a pure 

TiO2 film [300].  

Ti4(CH2CH2O)16 + 8 H2O  4 TiO2 + 16 CH3CH2OH  (32) 
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 This synthesis was attempted by adding 1.5 ml of TiCl4 to 6 ml of ethanol and 

mixing vigorously by a magnetic stirrer for 30 minutes. During the reaction, heat 

and clouds of HCl gas were emitted from the beaker and the resulting product 

was a yellow-green gel. Like Sylgard, this was mixture was highly viscous, so a 

further few drops of ethanol were added to reduce the viscosity, easing its transfer 

to a glass substrate via dynamic spin coating. 75 μl of this liquid was dispensed 

at 5 varying spin speeds (1000, 2000, 4000, 6000 and 8000 RPM) for one minute, 

before annealing the samples at 450°C for 30 minutes with a ramp time of 

3°C/minute to complete the TiO2 layer formation. The resulting films were 

characterised by UV-Vis spectroscopy (Figure 56) to determine their 

transmittance and an optical microscope (100 times zoom) to analyse their 

uniformity (Figure 55). However, these transmittances were deemed too low and 

films of too low quality, from their unideal synthesis, to be of use for solar cell 

applications. 

 

Figure 55: a) Picture of two films of TiO2 synthesised via the TiCl4 method. b) 100x 
magnification image, obtained via an optical microscope, highlights the inhomogeneity 

of the coating. 
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Figure 56: Transmittance spectra of TiO2 thin films synthesised via the TiCl4 method 
and spin coated at increasing RPM from 1000 to 8000.  

3.4.5 Ball Milling in Ethanol Solvent 

 Sr4Al14O25: Eu2+, Dy3+ in its powdered form was insoluble in ethanol but if the 

particle size could be greatly reduced, it may be suspended in solution and spin 

coated to form a layer. This led to another way of getting the powders to form a 

thin film without the use of an embedding media being explored. Ball milling is a 

method which involves placing a material in a cylindrical vessel with inert, rigid 

spheres and subjecting it to a rotational force. This causes the balls to act as a 

grinding medium and reduces the particle size of the powder through repeated 

collisions (cf. Figure 57). It is also important for the balls and jar coating to be of 

similar material and wear resistant. The milling can be carried out in the presence 

or absence of a liquid, known as dry milling and wet milling respectively. Wet 

milling is recommended for achieving particle sizes smaller than 1 μm, so would 

be used in this situation [301] and a Retsch Planetary Ball Mill 100 capable of 

rotation speeds up to 650 RPM was to be used in these studies. In this machine, 

a 50 ml jar filled with 100g of 1 mm diameter Al2O3 balls, 2g of Sr4Al14O25: Eu2+, 

Dy3+ and ethanol (mixed into the other contents of the jar with a spatula until there 

was a slurry consistency) was placed on the rotation platform and set to 350 RPM 

for 1 hour. Afterwards, the jar was emptied, and the grinding balls separated by 

a sieve mesh. The filtered homogenous solution was then spin coated on glass 

substrates at 1000, 3000 and 6000 RPM for 1 minute. The samples were then 

dried for 18 hours either in air at room temperature or on a hot plate at 100°C. 
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Figure 57: Schematic of the operation principle of a ball milling machine. Collisions 
between the balls and the grinding medium cause a reduction in average particle size.  

 

 As shown in Figure 58, the reduction in transmittance from 300-420 nm suggests 

absorption is taking place, which is consistent with the excitation profile of 

Sr4Al14O25: Eu2+, Dy3+. Despite promising optical properties, this method, though 

potentially useful for application of a layer in an emerging PV cell was deemed 

unsuitable to be deployed to silicon solar cells, since their surface structure is not 

as flat as glass which will affect film quality, the temperature required could 

damage the PV and because the encapsulant is usually located between the cell 

and the cover glass anyway, doped Sylgard was considered to be of the most 

practical interest for experiments.  

 

Figure 58: Transmittance spectra of the Sr4Al14O25: Eu2+, Dy3+ film which had been 
produced by ball milling and spin coated at 6000 RPM. 
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3.5 Silicon PV Device Preparation 

 In this section the properties of the silicon solar cells that formed the basis of 

subsequent investigations are described, along with the methods used to modify 

their surface and prepare them for electrical characterisation.  

3.5.1 Silicon Solar Cells 

 The solar cells used in the majority of this thesis were pre-manufactured c-Si 

devices with an active area of 1 cm2 provided by the National Renewable Energy 

Centre (NAREC).  These cells were chosen because of their high performance, 

low cost and suitability for use in LCPV conditions. The stated electrical 

parameters under 1 sun concentration were a PCE of 17%, JSC of 32 mA/cm2 and 

VOC of 0.56 V. These respectable properties are a result of the laser grooved 

buried contact technology, outlined in Figure 59, leading to reduced shading 

losses and improved charge carrier collection. In addition, the textured Si3N4 

surface causes more light to be captured and current generated [302].  

 

Figure 59: Schematic diagram to show the structure of the c-Si solar cells with laser 
grooved buried contact technology produced by NAREC and used in this work. Taken 

from [302].  

 The cells arrive without external wiring contacts (see Figure 60) which makes 

them very difficult to extract a load from and characterise their electrical 

properties. Therefore, all solar cells were soldered (using a Weller WD1 soldering 

kit at 350oC) with aluminium wire at the top and bottom surfaces and a light brush 
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from a flux pen (RS 251-3637) was applied prior to soldering, in order to help the 

solder flow cleanly on to the metal surface. Once soldering was completed a 

multi-meter (Fluke 117) was used to check the voltage of the devices (under 

ambient room lighting conditions) to verify the device was functioning properly; 

the contribution of these voltage fluctuations to measurement uncertainty is 

discussed in 6.3.2. 

 

Figure 60: a) Real image of a soldered c-Si solar cell and b) a zoomed image of the cell 
to show the buried contacts. 

 3.5.2 Application of Thin Film 

 The films were applied to these c-Si solar cells using the methods as previously 

described in this chapter (spin coating and drop casting) and components of 

solutions will be discussed as results are presented in 3.7.  

 The Sylgard-rare earth doped compound mixture was static spin coated by 

applying a small drop (approximately 0.5 ml) on to the middle of the soldered 

solar cell and rotating at a speed of 8000 RPM for 5 minutes. The coatings were 

then left to cure by placing on a hot plate at 75°C for 5 minutes. 

 On the other hand, the TiO2-rare earth doped compound composite was spin 

coated dynamically at 6000 RPM for 1 minute. However, a potential problem 

arose due to the high annealing temperature required by the TiO2 (500°C which 

would crack the PV cells, rendering them unusable) but a solution was found by 

decreasing the hot plate temperature to 100°C while increasing the exposure time 

from 3 to 24 hours, allowing the binders to fully evaporate and layer to form.  



148 
 

 When drop casting the Sylgard-rare earth doped compound mixture, a small 

amount of approximately 0.5 ml was poured gently, directly from the mixing 

beaker. To make sure the Sylgard could spread over an area without sticking the 

solar cell to the table, another surface was needed to act as a permanent backing 

fixture for the device. For this purpose, 3 mm thick Plexiglas® acrylic sheets were 

cut into 4 cm × 4 cm squares and a boundary created using glue from a glue gun 

(Loctite® Hot Melt) to prevent Sylgard leakage. Prior to drop casting the cells 

were then placed close to the centre of this square and the soldered metal 

contacts over its edges.  

3.6 Electrical Performance Characterisation Methods  

 After applying the coatings, the c-Si devices needed to have their electrical 

properties (PCE, EQE, JSC and VOC) measured. This was accomplished through 

illuminating them with a solar simulator or tuneable laser and connecting them to 

electronic equipment that could send data to a computer. 

3.6.1 Solar Simulator 

 Solar simulators are essential laboratory equipment used by researchers and 

industry to test PV device efficiency and other electrical performance parameters 

(PCE, FF, JSC and VOC) under standard conditions [303]. The solar simulator used 

in these studies was an A+A+A+ Wacom® Super Solar Simulator containing a 

powerful 2000 W xenon arc lamp that can produce highly collimated (to within ± 

3°) illumination to replicate sunlight with an approximate spectral irradiance (with 

temporal intensity stability to within ± 1%) as per the AM 1.5 G spectrum. The 

intensity of the light was then able to be controlled by a piece of equipment and 

software called HelioCon (Voss electronic GmbH) with a high accuracy 

adjustment rate of 0.1 W/m2 per step.  

 Devices to be measured are placed on a stage under the lamp as per Figure 61 

(which can illuminate an area of 441 cm2) and to obtain electrical performance 

data, an I-V tracer (EKO MP-160i) must be electrically connected to both 

terminals of a solar cell. This equipment is able to produce an I-V curve made of 

256 data points with an accuracy of ± 0.5%, by varying the emulated impedance 

from zero to infinity whilst sweeping across the operating voltage range (from VOC 

to V = 0) of the cell. Prior to measurement, the device parameters must be 

inputted on the MP-160i software including: active and total PV area, rated 
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voltage and current (i.e. maximum values expected) and sweep time; a sweep 

time of 5 secs was used to prevent the high efficiency cells storing charge [304]. 

 

Figure 61: Diagram of the experimental set up when characterising PV or LCPV cell 
performance under the solar simulator. 

  It is important to confirm that the lamp is of a known irradiance for a given 

HelioCon value, so this simulator has been calibrated through Fraunhoffer 

Institute, ISE in Frieburg, Germany by a special reference cell (WPVS, S/N 

10510-0401) that is carefully stored in the vicinity. Before each measurement 

session, the reference cell is tested to obtain an ISC value that must be its quoted 

value of 127 mA (to a level of ±0.05 mA) for a solar simulator irradiance of 1000 

W/m2 (i.e. 1 sun). Due to the linear relationship between ISC and light intensity, 

different irradiance levels (n suns, where n < 1) of interest for this study could be 

realised by altering the HelioCon value until a reference cell ISC measurement of 

n × 127 mA had been obtained for n = 0.4, 0.6 and 0.8; for their typical values, 

refer to Table 7. The HelioCon values to achieve a desired reference current 

varied slightly over the lifetime of the investigations and this source of error will 

be discussed in 6.3.2.  

Light intensity (suns or 
W/m2) 

Reference cell ISC 

(mA) 
HelioCon value (arb. 

units) 

1 or 1000  127 730 

0.8 or 800 101.6 550 

0.6 or 600 76.2 260 

0.4 or 400 50.8 80 

Table 7: The reference cell ISC required for the light intensity to be calibrated to the 
appropriate level and corresponding HelioCon value. 

 The simulator takes power from a three-phase AC supply (400 V voltage, 16A 

current and 50 Hz frequency) which is converted to DC by a full-wave rectifier, 
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and through the use of an internal light monitor and feedback circuit is able to 

stabilise the lamp’s irradiance to a constant level of ± 1% (for a given HelioCon 

value). Recalling from 1.3 the performance of solar cells is affected by 

temperature, so it is vital to keep this invariable throughout experiments in order 

to achieve reproducible results. Despite the lamp having inbuilt cooling and 

propeller exhaust fans, these are insufficient to prevent a notable warming of 

surroundings by several °C. Therefore, to mitigate this problem, the room was 

intended to be kept at a constant temperature of 25°C with the help of an 

additional wall mounted air conditioning unit.  

 To test an as fabricated in 3.5.1 silicon PV device, the solar cell was placed on 

a stage under the lamp and both its front and rear conducting contacts connected 

via crocodile clips to the I-V tracer. The relevant area and electrical parameters 

were selected, and the lamp was switched on. Two I-V curves were produced per 

cell after 30 and 60 s. This timing procedure was chosen to allow the system to 

reach a steady state, ‘charge up’ the phosphor and allow for a second 

measurement (to improve reliability and reproducibility).  

3.6.2 Incident Photon-to-electron Conversion Efficiency 

 As well as the aforementioned electrical properties which can be derived through 

the use of a solar simulator, it is important in this work to quantify how the solar 

cells respond to different spectral regions of the incident sunlight through an EQE 

measurement. This can be carried out through the use of a Bentham PVE300 

incident photon-to-electron conversion efficiency (IPCE, another name for EQE) 

system which contains a tuneable monochromatic laser (Bentham TMc300) that 

can be used to provide illumination to a PV cell across discrete integer 

wavelengths from 300-2500 nm. The light source originates from a 75 W xenon 

or 100 W quartz tungsten lamp (depending on the target wavelength) and 

undergoes dispersion at one of three grated surfaces to reach an exit slit in a 

Czerny-Turner arrangement of optics with focal length 300 mm, producing a 0.36 

cm2 monochromatic beam (after travelling through a reflective relay optic) to an 

accuracy of ±0.2 nm below 1100 nm and ±0.4 nm above 1100 nm. This light is 

incident upon a 400 cm2 gold coated mount (cf. Figure 62) where solar cells can 

be placed and which sits on a motorised stage that can be remotely moved in the 

X and Y direction to ensure the sample device is appropriately illuminated (for 

consistency this was always the centre of the cell).  
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 BenWin+ software was used to control the equipment and show collected data. 

When measuring silicon cells, the ‘transformer mode with stages’ was selected 

and scans were set to run between 300 and 1100 nm in intervals of 10 nm. Prior 

to commencing measurements, the PVE300 had been calibrated using a 

reference silicon cell (15968 Si) which gave a known characteristic output current 

for each wavelength. A data correction is then applied, so that when PV cells of 

unknown current are measured, the signal can be automatically displayed as a 

spectral response (and converted to an EQE spectra through an option in the 

software). In order to retrieve an electrical signal (and hence EQE spectra) a 

robust, gold tipped spring probe was held on the front metal contact of the solar 

cell. The probe was connected to a transformer using a coaxial cable and to 

complete the circuit it was grounded via a connecting wire to the gold plate which 

in turn had the back metal contact pressed onto it by another spring probe. The 

transformer then has another coaxial cable at its output feeding into a pre-

amplifier (Bentham S400 474) and signal detection unit (Bentham S400 417) that 

is able to display the data on the computer. Three scans were taken for each of 

the PV cells and an average spectrum calculated to improve reproducibility.  

 In addition to EQE, this system was also used for another function, to measure 

the optical property of reflectance. This could be done by placing a mirror beneath 

the tuneable light source to redirect the beam towards an integrating sphere. This 

integrating sphere could be connected by a coaxial cable to another input on the 

amplifier and processing unit, bypassing the transformer so that the signal 

becomes direct current. After being calibrated by a white reflectance standard, 

samples placed at the exit aperture of the sphere will have their percentage 

reflectance measured by the system and displayed through the BenWin+ 

software. 

 

Figure 62: Diagram of the experimental set up when characterising PV or LCPV EQE 
with the Bentham PVE300. 
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3.7 Results  

 The results from three investigations of different coatings on silicon solar cells 

are presented in the following subsections.  

3.7.1 Sylgard Static Spin Coated  

 In the first trial investigation, a sample of four silicon solar cells (described in 

3.5.1) had a coating applied to their front surface by a static spin coating method 

(3.5.2); two with pure Sylgard and two with Sylgard containing 8.3% Sr4Al14O25: 

Eu2+, Dy3+ by weight. The cells had their efficiencies and JSC tested both before 

and after the coating was applied. These values are stated in the subsequent 

Tables 8-9 and I-V curves from the solar simulator are given in Figures 63-66.   

Cell and Coating Bare η (%) Coated η (%) Δη from Coating (%) 

Cell 1 – Sylgard only 15.10 14.75 -2.32 

Cell 2 – Sylgard only 15.01 15.27 +1.73 

Cell 3 – Sylgard and 
Sr4Al14O25: Eu2+, Dy3+ 

14.09 14.20 +0.78 

Cell 4 – Sylgard and 
Sr4Al14O25: Eu2+, Dy3+ 

14.14 13.74 -2.83 

Table 8: PCE measurements and relative PCE changes for the solar cells when bare 
and then when spin coated with Sylgard or Sr4Al14O25: Eu2+, Dy3+ doped Sylgard. 

Cell and Coating Bare JSC (mA) Coated JSC (mA) ΔJSC from Coating (%) 

Cell 1 – Sylgard only 35.400 34.336 -3.01 

Cell 2 – Sylgard only 35.015 34.869 -0.42 

Cell 3 – Sylgard and 
Sr4Al14O25: Eu2+, Dy3+ 

35.285 34.796 -1.38 

Cell 4 – Sylgard and 
Sr4Al14O25: Eu2+, Dy3+ 

34.456 33.344 -3.33 

Table 9: JSC measurements and relative JSC changes for the solar cells when bare and 
then when spin coated with Sylgard or Sr4Al14O25: Eu2+, Dy3+ doped Sylgard. 

 

 

Figure 63: I-V curve of cell 1, before and after coating with Sylgard. 
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Figure 64: I-V curve of cell 2, before and after coating with Sylgard. 

 
Figure 65: I-V curve of cell 3, before and after coating with Sylgard doped with 

Sr4Al14O25: Eu2+, Dy3+. 

 

Figure 66: I-V curve of cell 4, before and after coating with Sylgard doped with 
Sr4Al14O25: Eu2+, Dy3+. 
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 The results give an unclear picture; while two devices show an increase in PCE, 

two do not and all four cells show a reduction in JSC. This could be due to a non-

uniform coating, too a high doping ratio of Sr4Al14O25: Eu2+, Dy3+ and that the 

powder was unground, meaning its transmittance was too low in regions where 

PV spectral response is high. Furthermore, because this was a preliminary study 

there were some flaws in the methods. Firstly, the sample size of cells needed to 

be larger than just two and secondly, comparing bare cells with coated cells for 

changes in performance is not the most logical approach. This is because in real 

commercial PV systems, the cell is always coated by an encapsulant layer. 

Therefore, a more meaningful comparison would be between cells of similar 

intrinsic bare efficiencies coated with just Sylgard and those with rare earth doped 

compound containing Sylgard, as per the middle columns in the earlier Tables 8-

9.  

 Despite these shortcomings, one benefit of this technique was the verification 

that Sr4Al14O25: Eu2+, Dy3+ doped Sylgard layers on PV cells possess anti-

reflective attributes, as shown by Figures 67 and 68; in this instance the coating 

shows reduction in reflectance at UV and blue wavelengths.  In addition, this 

effect can be seen in the image of the un-coated and coated devices, which 

appear visibly less blue.  

 

Figure 67: a) Image of a solar cell before applying the Sylgard coating and b) after 
applying the coatings.  
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Figure 68: Reflectance spectrum of cell 3 before and after coating with Sylgard doped 
with Sr4Al14O25: Eu2+, Dy3+. 

3.7.2 TiO2 Dynamic Spin Coated 

 In the second preliminary run of experiments, TiO2 (Greatcell 18NR-T) diluted 

with ethanol was used as the embedding agent and particles of Sr4Al14O25: Eu2+, 

Dy3+ mixed in according to 3.4.4, before applying the resulting solution by 

dynamic spin coating to two silicon solar cells and pure TiO2 to two more devices. 

Again, the results (Tables 10 and 11, Figures 69-72) are inconclusive but show a 

sharp decrease for the cell containing the TiO2 and rare earth doped compound. 

This could be due to its lower transmittance, especially across the 300-400 nm 

region, as shown by an EQE measurement of this sample. This area of the 

spectrum has a similar energy to the band gap of TiO2, so despite the thinness 

of the film, lots of optical power is lost this way. Again the doping level of the rare 

earth material may have been too high at 10% w/w of the spin coating solution 

and the electrical properties of cell 1 may have been compromised when 

performing the bare measurement, since the I-V curve is distorted in a way that 

implies shunt resistance effects.  

Cell and Coating Bare η (%) Coated η (%) Δη from Coating (%) 

Cell 1 – TiO2 only 10.96 13.42 +22.4 

Cell 2 – TiO2 only 13.48 13.26 -1.63 

Cell 3 – TiO2 and 
Sr4Al14O25: Eu2+, Dy3+ 

15.02 13.28 -12.6 

Cell 4 – TiO2 and 

Sr4Al14O25: Eu2+, Dy3+ 

13.84 - - 

Table 10: PCE measurements and relative PCE changes for the solar cells when bare 
and then when spin coated with TiO2 or Sr4Al14O25: Eu2+, Dy3+ doped TiO2. 
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Cell and Coating Bare JSC (mA) Coated JSC (mA) ΔJSC from Coating (%) 

Cell 1 – TiO2 only 36.570 33.729 -7.77 

Cell 2 – TiO2 only 37.462 36.547 -2.44 

Cell 3 – TiO2 and 
Sr4Al14O25: Eu2+, Dy3+ 

36.174 33.673 -6.91 

Cell 4 – TiO2 and 

Sr4Al14O25: Eu2+, Dy3+ 
35.412 - - 

Table 11: JSC measurements and relative JSC changes for the solar cells when bare and 
then when spin coated with TiO2 or Sr4Al14O25: Eu2+, Dy3+ doped TiO2. 

 

 

Figure 69: I-V curve of cell 1, before and after coating with TiO2. 

 

 

Figure 70: I-V curve of cell 2, before and after coating with TiO2. 
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Figure 71: I-V curve of cell 3, before and after coating with TiO2 doped with Sr4Al14O25: 
Eu2+, Dy3+. 

 

 One positive observation, however, is that the EQE is less reduced, almost being 

equivalent to that of the bare cell at 370-420 nm. This could be because of LDS 

or DC taking place as photons of these wavelengths correspond to the excitation 

energies required for these processes to occur. Due to this subsection’s work 

being carried in parallel with 3.7.1, there remain the methodological issues 
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outlined previously. So, moving forward, it is a priority to compare like with like, 

by making solar cells of as close to the same bare cell efficiencies as possible. 

3.7.3. Sylgard drop casted 

 In the third and major study of this chapter, based on the drawbacks of the 

preliminary work, silicon cells would be coated with Sylgard in 5 different weight 

ratios (0%, 0.25%, 0.5%, 1%, 2%) applied via drop casting to make a device 

looking like Figure 73. A larger sample size of three cells per design specification 

would be used and the devices checked prior to coating with a multi-meter, to 

ensure that their electrical performance properties were as invariant as possible. 

Also, in this study NaYF4: Er3+, Yb3+ was deployed for the first time, because it 

was deemed important to try another material that may have better optical and 

spectral conversion properties.   

 

Figure 73: Image of a c-Si solar cell coated with Sylgard-rare earth doped compound 
mixture via drop costing and fixed on an acrylic base. 

 The results obtained from the solar simulator and Bentham PVE300 are 

displayed graphically in the following Figures 74-85 and numerically in the Tables 

12-28. The value taken as the PCE and JSC measurement for each specification 

was the maximum, or champion, value for that set. The mean values and 

standard deviations are discussed as part of a sensitivity analysis with statistical 

methods in 6.3.2.  

 It can be seen from the data, that these results were much more consistent and 

promising than those derived in 3.7.1 and 3.7.2. At 1 sun illumination, the highest 

PCEs attained were 16.31% for 0.5% Sr4Al14O25: Eu2+, Dy3+ doping and 16.75% 

for 1% doped NaYF4: Er3+, Yb3+. These correspond to relative efficiency 

increases of 2.1% and 4.3% compared to the control device, with a pure Sylgard 

coating and PCE of 15.98%. Similarly, as expected to accompany improved PCE, 

the JSC went up from 36.33 mA/cm2 for the control device to 37.55 mA/cm2 and 



159 
 

37.02 mA/cm2 for the best performing Sr4Al14O25: Eu2+, Dy3+ and NaYF4: Er3+, 

Yb3+ device. Interestingly for the NaYF4: Er3+, Yb3+ devices, it was not the same 

cell which produced the highest PCE and JSC; the 2% doped Sylgard generating 

an additional 0.05 mA.  

 Furthermore, in this study, the light irradiance was varied using the HelioCon to 

obtain data for the electrical performance at 0.4, 0.6 and 0.8 suns. As intuition 

would predict, the cells demonstrated a lower JSC with decreasing light intensity; 

in line with the linear relationship outlined in chapter 1. On the other hand, the 

PCE was largely unaffected by the HelioCon variation because the cell efficiency 

is much less sensitive to relatively small changes in incident power (from 0.4 to 1 

sun). All cells containing rare earth doped layers demonstrated an increased 

PCE, except in a handful of instances: 1% Sr4Al14O25: Eu2+, Dy3+ and 0.25%, 

0.5% and 2% NaYF4: Er3+, Yb3+ at 0.4 suns irradiance, and 0.5% and 2% NaYF4: 

Er3+, Yb3+ at 0.6 suns irradiance.  

 Another figure of merit is how the relative PCE and JSC enhancements vary with 

solar irradiance which are succinctly displayed in Figures 78-81. For Sr4Al14O25: 

Eu2+, Dy3+ doped layers, the JSC and PCE tend to rise with increasing light 

concentration at low irradiances before reaching a peak at 0.8 suns. The rise is 

more drastic for the 0.5% and 1% doping levels; the 0.5% also achieves the peak 

relative PCE gain for this material of +5.36% at 0.8 suns. Alternatively, NaYF4: 

Er3+, Yb3+ follows a stranger pattern in relative PCE and JSC enhancements, in 

which the percentage gains fall between 0.4 and 0.6 suns (except for two PCE 

measurements), but then ascending to another localised peak at 0.8 suns before 

decreasing again at 1 sun (except for the 0.5% and 2% samples which increase 

in PCE at 1 sun). Again, the maximum relative PCE enhancement of +4.86% can 

be found for a 1% doping level at 0.8 suns.  

 Finally, particular attention is drawn to the 1% doped Sr4Al14O25: Eu2+, Dy3+ and 

NaYF4: Er3+, Yb3+ samples, which show an abnormal trend at 0.4 suns. The 

former material exhibits a sharp decrease in PCE, while the latter a modest 

increase, going against the pattern observed in their respective other doping level 

samples. This could be justified if the relationship between doping level and 

performance enhancement is considered to be a polynomial that varies at each 

light intensity. Thus, a 1% doping level at 0.4 suns illumination could be 

interpreted as a local minimum for Sr4Al14O25: Eu2+, Dy3+ or local maximum for 
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NaYF4: Er3+, Yb3+. Conversely, the large drop in Sr4Al14O25: Eu2+, Dy3+ 

performance may go beyond what is expected by the local minimum explanation, 

so could be the result of a systematic error in the fabrication or characterisation 

procedure (although this risk was minimised by testing 3 copies of each sample).   

 The VOC and FF data for the PV devices tested are presented in Tables 20-27 

for completeness. As can be observed, there is little clear relationship apparent 

and these quantities are not of direct interest for spectral conversion studies, so 

will be omitted in the following chapters. The small and seemingly random 

changes in FF and VOC could be from the ISC dependence in the FF formula 

(although its impact is small as three other unrelated variables are in the 

expression) and amount of light reaching the cell (since VOC is logarithmically 

dependent on light concentration).  

 Finally, EQE measurements between 300 and 1100 nm are presented in Figures 

84 and 85. It can be observed that for 0.5% and 1% doping level Sr4Al14O25: Eu2+, 

Dy3+ coated devices showed an improved EQE between 320 and 450 nm; at 400 

nm these increases are 2.9% and 1.7%. Likewise, for the PV with NaYF4: Er3+, 

Yb3+ layers, similar increases in EQE in these regions of the spectrum were 

observed but interestingly were more pronounced for the 0.25% and 2% doping 

levels with increases of 2.24% and 2.13% compared to the control device at 400 

nm. This indicates the c-Si PV cell below is utilising short wavelength solar 

radiation more effectively when both materials are deployed, which could be due 

to the photons undergoing spectral conversion processes such as LDS or DC. 

These do not represent short wavelength enhancements as significant in some 

of the studies cited in chapter 2 but nonetheless are respectable for the simplicity 

and low cost of the materials used, and still can explain the improved JSC as 

measured by the solar simulator. Although, perhaps the 1% NaYF4: Er3+, Yb3+ 

could have expected greater EQE gains around 400 nm; its greater overall PCE 

could be due to higher transmittance at longer wavelengths that are used by the 

PV cell.   

 The physical reasons behind these results will be explored in future chapters 

which will attempt to build on understanding the results from underlying principles. 

However, at this stage one factor that becomes apparent is the doping level of 

the rare earth ions within the layer. For example, the localised maxima for peak 

performance at 0.5% for Sr4Al14O25: Eu2+, Dy3+ could indicate that at lower ratios 
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less effective LDS/DC takes place due to insufficient particle concentration and 

that at higher levels, the spectral conversion occurs less due to competing optical 

processes. Also, worth mentioning is the dependence of the spectral conversion 

process on light intensity, a theme which will be investigated further in the 

following chapter where LCPV systems are considered. A relationship between 

light intensity and the efficiency of the process could yield information about the 

energy transfer mechanism, as per the discussions in chapter 2. For practical 

applications, the better relative performance at 0.8 suns is exciting because it is 

often necessary to improve device performance in lower light conditions, which 

make up a large amount of the illumination conditions for many regions including 

the UK.  

 

Doping (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 15.976 36.330 - - 

0.25 16.239 36.721 +1.65 +1.08 

0.5 16.312 37.552 +2.10 +3.36 

1.0 16.232 36.768 +1.60 +1.21 

2.0 16.070 36.982 +0.59 +1.79 

Table 12: PCE and JSC data for drop casted Sr4Al14O25: Eu2+, Dy3+ doped Sylgard 
devices at 1 sun irradiance. 

Doping (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 16.066 29.683 - - 

0.25 16.589 30.046 +3.25 +1.22 

0.5 16.928 30.667 +5.36 +3.32 

1.0 16.635 30.109 +3.54 +1.44 

2.0 16.528 30.186 +2.87 +1.69 

Table 13: PCE and JSC data for drop casted Sr4Al14O25: Eu2+, Dy3+ doped Sylgard 
devices at 0.8 suns irradiance. 

Doping (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 16.225 22.443 - - 

0.25 16.542 22.501 +1.95 +0.26 

0.5 16.728 23.029 +3.10 +2.61 

1.0 16.295 22.391 +0.43 -0.23 

2.0 16.225 22.443 - - 

Table 14: PCE and JSC data for drop casted Sr4Al14O25: Eu2+, Dy3+ doped Sylgard 
devices at 0.6 suns irradiance. 

Doping (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 15.833 14.751 - - 

0.25 16.040 14.776 +1.31 +0.17 

0.5 15.920 14.956 +0.55 +1.39 

1.0 15.088 14.677 -4.71 -0.50 

2.0 15.875 14.873 +0.27 +0.83 

Table 15: PCE and JSC data for drop casted Sr4Al14O25: Eu2+, Dy3+ doped Sylgard 
devices at 0.4 suns irradiance. 
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Doping (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 15.976 36.330 - - 

0.25 16.100 36.794 +0.78 +1.28 

0.5 16.180 36.544 +1.28 +0.59 

1.0 16.747 36.968 +4.83 +1.76 

2.0 16.474 37.017 +3.12 +1.89 

Table 16: PCE and JSC data for drop casted NaYF4: Er3+, Yb3+ doped Sylgard devices 
at 1 sun irradiance. 

Doping (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 16.066 29.683 - - 

0.25 16.645 30.555 +3.60 +2.94 

0.5 16.141 29.988 +0.47 +1.03 

1.0 16.848 30.329 +4.86 +2.18 

2.0 16.479 29.904 +2.57 +0.74 

Table 17: PCE and JSC data for drop casted NaYF4: Er3+, Yb3+ doped Sylgard devices 
at 0.8 suns irradiance. 

 

 

Doping (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 16.225 22.443 - - 

0.25 16.233 22.520 +0.05 +0.34 

0.5 15.863 21.923 -2.23 -2.32 

1.0 16.560 22.047 +2.06 -1.76 

2.0 15.882 22.200 -2.12 -1.08 

Table 18: PCE and JSC data for drop casted NaYF4: Er3+, Yb3+ doped Sylgard devices 
at 0.6 suns irradiance. 

Doping (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 15.563 14.946 -1.71 +1.32 

0.25 15.285 14.647 -3.46 -0.71 

0.5 16.380 14.745 +3.46 -0.04 

1.0 15.565 14.695 -1.69 -0.38 

2.0 15.563 14.946 -1.71 +1.32 

Table 19: PCE and JSC data for drop casted NaYF4: Er3+, Yb3+ doped Sylgard devices 
at 0.4 suns irradiance. 
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Figure 74: PCE of the Sr4Al14O25: Eu2+, Dy3+ doped Sylgard devices of varying doping 
ratios at different solar irradiances.  

 

Figure 75: JSC of the Sr4Al14O25: Eu2+, Dy3+ doped Sylgard devices of varying doping 
ratios at different solar irradiances. 
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Figure 76: PCE of the NaYF4: Er3+, Yb3+ doped Sylgard devices of varying doping ratios 
at different solar irradiances. 

 

 

Figure 77: JSC of the NaYF4: Er3+, Yb3+ doped Sylgard devices of varying doping ratios 
at different solar irradiances. 
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Figure 78: Relative PCE gains for the Sr4Al14O25: Eu2+, Dy3+ doped Sylgard devices at 
different solar irradiances. 

 

 

Figure 79: Relative JSC gains for the Sr4Al14O25: Eu2+, Dy3+ doped Sylgard devices at 
different solar irradiances. 
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Figure 80: Relative PCE gains for the NaYF4: Er3+, Yb3+ doped Sylgard devices at 
different solar irradiances. 

 

 

Figure 81: Relative JSC gains for the NaYF4: Er3+, Yb3+ doped Sylgard devices at 
different solar irradiances. 
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Figure 82: I-V curves of for the Sr4Al14O25: Eu2+, Dy3+ doped Sylgard devices at different 
solar irradiances. 
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Figure 83: I-V curves of for the NaYF4: Er3+, Yb3+ doped Sylgard devices at different 
solar irradiances. 
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Figure 84: EQE spectra of the Sr4Al14O25: Eu2+, Dy3+ doped Sylgard devices. 

 

 

Figure 85: EQE spectra of the NaYF4: Er3+, Yb3+ doped Sylgard devices. 
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Doping (w/w %) VOC (mV) FF  VOC (%) Δ FF (%) 

0.0 564.272 0.779 - - 

0.25 569.269 0.777 +0.89 -0.32 

0.5 559.508 0.776 -0.84 -0.38 

1.0 562.292 0.785 -0.35 +0.75 

2.0 563.641 0.771 -0.11 -1.07 

Table 20: VOC and FF data for drop casted Sr4Al14O25: Eu2+, Dy3+ doped Sylgard 
devices at 1 sun irradiance. 

Doping (w/w %) VOC (mV) FF  VOC (%) Δ FF (%) 

0.0 562.419 0.770 - - 

0.25 567.538 0.778 +0.91 +1.09 

0.5 565.209 0.781 +0.50 +1.48 

1.0 561.771 0.787 -0.12 +2.19 

2.0 564.106 0.777 +0.30 +0.86 

Table 21: VOC and FF data for drop casted Sr4Al14O25: Eu2+, Dy3+ doped Sylgard 
devices at 0.8 suns irradiance. 

Doping (w/w %) VOC (mV) FF  VOC (%) Δ FF (%) 

0.0 559.061 0.776 -  

0.25 563.832 0.782 +0.85 +0.83 

0.5 561.490 0.776 +0.43 +0.04 

1.0 557.308 0.783 -0.31 +0.98 

2.0 560.760 0.766 +0.30 -1.22 

Table 22: VOC and FF data for drop casted Sr4Al14O25: Eu2+, Dy3+ doped Sylgard 
devices at 0.6 suns irradiance. 

Doping (w/w %) VOC (mV) FF  VOC (%) Δ FF (%) 

0.0 556.812 0.771 - - 

0.25 559.630 0.776 +0.51 +0.63 

0.5 552.695 0.770 -0.74 -0.09 

1.0 550.109 0.747 -1.20 -3.06 

2.0 554.595 0.770 -0.40 -0.16 

Table 23: VOC and FF data for drop casted Sr4Al14O25: Eu2+, Dy3+ doped Sylgard 
devices at 0.4 suns irradiance. 

Doping (w/w %) VOC (mV) FF  VOC (%) Δ FF (%) 

0.0 564.272 0.779 - - 

0.25 568.730 0.769 +0.79 -1.27 

0.5 572.443 0.773 +1.45 -0.75 

1.0 572.525 0.791 +1.46 +1.53 

2.0 572.405 0.777 +1.44 -0.23 

Table 24: VOC and FF data for drop casted NaYF4: Er3+, Yb3+ doped Sylgard devices at 
1 sun irradiance. 

Doping (w/w %) VOC (mV) FF  VOC (%) Δ FF (%) 

0.0 562.419 0.770 - - 

0.25 567.113 0.768 +0.83 -0.19 

0.5 567.380 0.759 +0.88 -1.42 

1.0 573.659 0.775 +2.00 +0.62 

2.0 568.028 0.776 +1.00 +0.81 

Table 25: VOC and FF data for drop casted NaYF4: Er3+, Yb3+ doped Sylgard devices at 
0.8 suns irradiance. 
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Doping (w/w %) VOC (mV) FF  VOC (%) Δ FF (%) 

0.0 559.061 0.776 - - 

0.25 566.954 0.763 +1.41 -1.68 

0.5 565.84 0.767 +1.21 -1.11 

1.0 571.985 0.788 +2.31 +1.55 

2.0 562.054 0.764 +0.54 -1.57 

Table 26: VOC and FF data for drop casted NaYF4: Er3+, Yb3+ doped Sylgard devices at 
0.6 suns irradiance. 

Doping (w/w %) VOC (mV) FF  VOC (%) Δ FF (%) 

0.0 556.812 0.771 - - 

0.25 554.388 0.751 -0.44 -2.56 

0.5 554.759 0.752 -0.37 -2.42 

1.0 562.640 0.790 +1.05 +2.42 

2.0 554.939 0.763 -0.34 -0.98 

Table 27: VOC and FF data for drop casted NaYF4: Er3+, Yb3+ doped Sylgard devices at 
0.4 suns irradiance. 

 

3.8 Conclusion 

 To conclude, in this chapter the rare earth compounds, Sr4Al14O25: Eu2+, Dy3+ 

and NaYF4: Er3+, Yb3+, had their properties successfully verified in terms of their 

XRD and photoluminescence profiles. Thin films containing 10% w/w Sr4Al14O25: 

Eu2+, Dy3+ in TiO2 and 8.3% w/w in Sylgard were constructed but were not initially 

effective at improving solar cell efficiency. However, grinding the Sr4Al14O25: Eu2+, 

Dy3+ and applying at a lower weight percentage (0.25-2%) in Sylgard did appear 

to raise performance; at 1 sun the PCE was enhanced by up to 2.1% (for the 

0.5% w/w doping level) relative to the control device. Likewise, NaYF4: Er3+, Yb3+ 

when applied in the same way, achieved an even better relative PCE increase of 

4.8% under the same conditions. The irradiance level was varied and the PCE 

gains were shown to be lower at 0.4 and 0.6 suns in both materials but greater at 

0.8 suns for Sr4Al14O25: Eu2+, Dy3+. Finally, IPCE measurements showed up to a 

2.9% absolute rise in EQE at 400 nm, indicating spectral conversion could have 

been responsible for this behaviour.  
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Chapter 4. Application to Low Concentrator 
Photovoltaic Modules 

 

4.1 Introduction  

 To build on the findings from the previous chapter, the same silicon solar cells 

are now coupled with SEH concentrators to form single cell LCPV modules with 

potential BIPV applications. The SEH concentrator is introduced while the 

geometry and fabrication processes for the different ways of adding rare earth 

compounds into the system are elucidated. The modules are characterised, again 

at varying light intensity, and relative performance improvements compared with 

the non-LCPV cell analogues from chapter 3. Finally, because of the importance 

of off-normal irradiance in real systems, the LCPV modules are tested at varying 

angles of incident radiation.  

4.2 Square Elliptical Hyperboloid Concentrators 

 Square elliptical hyperboloid (SEH) concentrators are 3D static, non-imaging 

optical devices suitable for applications in low concentration PV. Developed by 

Sellami et al from 2012, the SEH concentrator operates via total internal 

reflection. Incoming light passes into the elliptical entrance aperture and is 

focussed to a square exit aperture at the base of the concentrator, where it then 

reaches a solar cell via an optical coupling and generates electricity. This design 

has a relatively high optical efficiency at a wide range of acceptance angles 

compared to other 3D static concentrators, which is important to allow LCPV 

systems to utilise diffuse as well as direct radiation. The concentrator is typically 

made from glass or a transparent polymer which could be polyurethane, PDMS 

or PMMA. Polyurethane is generally regarded as the best choice due to its lower 

cost and shrinkage coefficient [305].  

 SEH concentrators have further attracted interest due to their potential for BIPV; 

prototype semi-transparent modules have been proposed and fabricated for 

ultimate use as part of an aesthetically pleasing window façade with added 

insulation benefits, reducing the heating demand for a building. The conceptual 

design for such an electricity generating window front is shown in Figure 87. An 

advantage of using SEH concentrators in these BIPV systems is that for the same 
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level of transparency and power output, 60% less cells are required than in a non-

concentrating BIPV module [305].  

 There are four key geometrical parameters that determine the performance of 

an SEH concentrator as shown in Figure 86. These are: the height of the 

concentrator from base to top (H), the side length of the square base (A) and the 

semi-major (b) and semi-minor (a) axes of the top ellipse. For a generalised SEH 

concentrator the geometrical concentration ratio, G, and concentration ratio, C, 

(as described in 1.2.2) ratio are given by: 

𝐺 =
𝜋𝑎𝑏

𝐴2                   (33) 

 

𝐶 = 𝜂𝑜𝑝𝑡 × 
𝜋𝑎𝑏

𝐴2   (34) 

 

 

Figure 86: 3D profile from various angles of the SEH concentrator and its dimensional 
parameters A, H, a and b. Taken from [39]. 
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Figure 87: Visual representation of how SEH concentrators can act as components of a 
BIPV system: a) a south-facing building front in the northern hemisphere with a window 
façade, b) a single window consisting of many LCPV arrays, c) a single LCPV array of 

18 silicon PV cells and SEH concentrators connected together to generate a power 
output and d) cross-section of a single cell LCPV module. 

 In this work the SEH concentrators used had constant dimensions of: a = 0.75 

cm, b = 1.5 cm, A = 1 cm and H = 1.5 cm. So, with these values G = 3.534.  These 

parameters were varied and optimised in a previous in-depth work [39], so their 

variation does not fall within the scope of this thesis. For interest, the optical 

efficiencies of SEH concentrators with different H/A ratios are shown in Figure 

88, where it can be seen the chosen dimensions for this work exhibit a higher 

optical efficiency at wider acceptance angles. This, in addition to the reduced 

material usage of a lower H/A, means that H/A = 1.5 is an appropriate selection 

despite a lower peak optical efficiency at normal irradiance. 

 

Figure 88: The simulated optical efficiency of various H/A ratio SEH concentrators 
when the incident radiation is at different angles of incidence. Taken from [39]. 
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4.3 Concentrator Photovoltaic Module Fabrication 

 

 In order to fabricate these concentrators, a metal casting mould, as shown in 

Figure 89, with the shape to produce an SEH concentrator of the as described 

parameters was used. The concentrators were to be made from Crystal Clear® 

200, a polyurethane based casting resin. When set, this material is highly 

transparent, non-brittle, UV resistant and has a refractive index of 1.50, all ideal 

properties for use in LCPV systems. Like Sylgard, the Crystal Clear® 200 comes 

in two parts, A and B, which must be mixed carefully at a ratio of 10:9.  

 

Figure 89: Image of the metal casting mould used to produce a batch of SEH 
concentrators. 

  For this part of this study, four geometric configurations of adding rare earth 

doped compounds into single cell modules LCPV were proposed which are 

displayed in Figure 90: (i) by adding the particles into the whole concentrator 

homogenously, labelled in graphs as H, (ii) by adding the particles exclusively to 

the bottom portion (approximately 20% by volume) of the concentrator, labelled 

as B, (iii) by adding them solely to the top section (approximately 20% by volume) 

of the concentrator, labelled T, and (iv) by adding them into the optical coupling 

between the concentrator and PV cell (in the same weight ratios of 0%, 0.25%, 

0.5%, 1.0% and 2.0%, labelled as x syl for an x% doping level when compared 

to doped concentrators). The latter method is of particular interest since this 

system will be a replica of the Sylgard coated PV cells studied in 3.7.3 but with a 

concentrator on top, meaning the relative effects of spectral conversion can be 

compared in concentrating and non-concentrating PV. The control devices were 

the ones without any rare earth compound augmentations (i.e. 0% doped optical 
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coupling and un-doped concentrator, labelled C) and would be the baseline to 

which the doped LCPV devices could be compared. In these regards, this study 

can be considered a novel work because the question of optimally adding spectral 

conversion materials to SEH concentrators has yet to be explored.  

 

Figure 90: The four doping configurations of rare earth compounds incorporated into 
LCPV devices: a) doped optical coupling, b) homogenously doped concentrator, c) 

bottom doped concentrator and d) top doped concentrator. 

 To fabricate the concentrator the relevant weights of part A and B were 

measured, so that they could be mixed at a 10:9 ratio. As with the Sylgard 

procedure, the vacuum oven was utilised in order to reduce bubble formation but 

this time both precursors A and B were exposed to low pressure before mixing. 

If a rare earth compound was desired to be placed in the concentrator, then the 

appropriate amount was measured and added to part B before dispersing with a 

magnetic stirrer and further degassed. Part B was chosen over part A due to its 

lower viscosity which allowed for easier dispersion. Initial tests used rare earth 

compound by weight contents of 1% and 0.5% but these devices clearly had a 

low visible transparency, so would not be suitable for further use with PV cells. 

0.1% was found to be a suitable weight level so was chosen for all homogenously 

and partially doped concentrators.  

 Since the optical depth is much thicker than the thin films in non-concentrating 

PV, it is essential to produce high quality concentrators to ensure consistent 

results. To further avoid air pockets the components were stirred very gently, 

although still to a speed and duration that allowed for the reaction to complete (or 

else the resin would not fully set). Also, when mixing it was important to use a 

large based beaker, high surface area stirrer and large quantity of resin (typically 

300 g) as this was empirically observed to yield better outputs. Each individual 

mould compartment to form one SEH concentrator used approximately 3.5g of 

resin (63 g for the whole mould), which unfortunately led to material wastage. 
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Furthermore, Crystal Clear has a much shorter pot life than Sylgard of only 20 

minutes, thus time was of the essence and an optimised procedure necessary.  

 Once satisfactorily mixed, the resin was poured into the casting mould in one 

smooth filling motion down the side of one of the mould’s compartments (again 

to avoid air gap growth) and subjected to a final degassing. Another variation in 

the fabrication occurred if a concentrator was required to limit the rare earth 

compound content to its top or base. In these cases, two separate mixtures were 

prepared (one with and one without the rare earth compound added) and the 

mould was filled to the appropriate level with each beaker.  

 Finally, the mould was left to cure for 16 hours in air at room temperature. Before 

pouring the resin, the mould had been treated with Smooth-on Universal™ mould 

release (to aid with removal of the concentrators) and tightened with bolts to a 

sheet of glass and metal base to prevent leakage. At times, the glass had become 

stuck to the concentrators and was difficult to remove but application of heat and 

repeated twisting through a vice clamp allowed the glass to be removed, after 

which concentrators could be pushed out through the top of the mould by applying 

a force to the gaps at the base.  

 The UV-Vis transmittance spectra of concentrators were recorded using the 

Perkin Elmer UV/VIS/NIR Spectrophotometer Lambda 1050. As shown in Figure 

91, an un-doped concentrator has a transmittance of approximately 65% across 

visible wavelengths, although it sharply drops to 0% below 400 nm. This leads to 

less photons in the UV region reaching the solar cell and partially limits the 

effectiveness of the rare earth doped compounds which can absorb UV radiation. 

However, because they can also absorb blue wavelengths, increases in EQE 

may still be observed around 400-450 nm. The transmittance spectra of the 

concentrators containing the rare earth doped compounds at the top, bottom and 

homogenously throughout the concentrator are also presented in Figures 92 and 

93. It can be observed from these spectra that the doped concentrators still 

exhibit similar transmittance levels with regards to the beam incident at the centre 

of the top elliptical entrance aperture, with the exception of the bottom doped 

NaYF4: Er3+, Yb3+ and homogenously doped Sr4Al14O25: Eu2+, Dy3+ samples. 

Therefore, performance enhancements can be realistically expected for most of 

the proposed LCPV device architectures.  
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Figure 91: Transmittance spectrum of the un-doped concentrator. 

 

Figure 92: Transmittance spectra of the Sr4Al14O25: Eu2+, Dy3+ doped concentrators. 

 

Figure 93: Transmittance spectra of the NaYF4: Er3+, Yb3+ doped concentrators. 
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 Once the rigid concentrators had been demoulded, they could be combined with 

silicon cells as prepared in 3.5.1 to form a single cell PV module. This was 

achieved by preparing a layer of Sylgard (without any rare earth doped compound 

for doped concentrators or the control, and with rare earth doped compounds for 

un-doped concentrators) and placing a small amount on the silicon cell situated 

on an edge protected acrylic base, in the exact way as the drop casting procedure 

from the previous chapter. However, the concentrators could then be stuck on 

top of the PV cells by gently pressing them down on them for several seconds. 

Care was taken to ensure the concentrators were not at an angle and then the 

sample devices were left to set for a further 48 hours at room temperature. At the 

end of this period, the concentrators had become permanently affixed to the PV 

cell via the Sylgard optical coupling and the devices were ready for electrical 

characterisation (cf. Figure 94). A full graphical summary of these steps in the 

procedure for producing an LCPV or coated PV cell can be found in Figure 95.  

 

Figure 94: Image of a single cell LCPV module to be characterised in this work. 

 

Figure 95: Flow diagram to summarise the steps involved in fabricating a single cell PV 
or LCPV module. 
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4.4 Results  

 Once fabricated, the devices were characterised through the solar simulator and 

IPCE with the same methods as chapter 3. The PCE and JSC for the LCPV 

devices obtained under the solar simulator are displayed graphically in Figures 

96-103 and numerically in Tables 28-35. In this investigation, the control device, 

with no rare earth doped compound, showed a PCE of 9.38% under 1 sun 

illumination. It can clearly be seen from the data that in general the devices 

containing either of the rare earth doped compounds exhibited increased 

electrical performance. Only the 1% and 2% w/w doped Sr4Al14O25: Eu2+, Dy3+ 

optical coupling, homogenously Sr4Al14O25: Eu2+, Dy3+ doped concentrator and 

bottom doped NaYF4: Er3+, Yb3+ failed to demonstrate increased PCE at all 

irradiances with PCE reductions ranging from 0.0% to -2.3%. At 1 sun, the highest 

PCE attained was 10.42% for an NaYF4: Er3+, Yb3+ containing device and 9.92% 

by the addition of Sr4Al14O25: Eu2+, Dy3+; these correspond to relative 

enhancements of 11.1% and 5.7% respectively. These impressive results were 

obtained for the 1% w/w doped NaYF4: Er3+, Yb3+ optical coupling and top doped 

Sr4Al14O25: Eu2+, Dy3+ concentrator.  

 As expected JSC enhancements accompanied improvements in PCE. The control 

device had a JSC of 71.97 mA/cm2 at 1 sun, whereas at the same light intensity 

the highest JSC recorded was 77.78 mA/cm2 (an 8.1% relative increase) for the 

1% doped NaYF4: Er3+, Yb3+ LCPV device (unsurprisingly the same specification 

that attained the highest PCE). However, for Sr4Al14O25: Eu2+, Dy3+ containing 

devices at 1 sun, there was a discrepancy between the device with the greatest 

JSC and highest PCE; the bottom doped concentrator achieved a JSC of 75.24 

mA/cm2 (a 4.6% relative increase to the control), while the highest PCE device, 

the top doped concentrator achieved a slightly lower JSC of 75.17 mA/cm2 (a 4.4% 

relative enhancement). Although, this is not totally unanticipated since the bottom 

doped concentrator Sr4Al14O25: Eu2+, Dy3+ device still showed a respectable 

relative PCE increase of 5.3%, not to dissimilar from the 5.7% realised for the 

champion Sr4Al14O25: Eu2+, Dy3+   top doped concentrator. The y-axis intercepts 

on the I-V curves, Figures 104-107, also demonstrate these JSC enhancements 

whilst the closely together x-axis intercepts indicate small variation in VOC, which 

recalling from solar cell theory is to be expected since the JSC is determined by 
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rate of electron-hole pair generation that is more likely to be influenced by spectral 

conversion.  

 Then as with the results presented in 3.7.3, the effect of subjecting the devices 

to varying levels of solar irradiance (1 sun and 0.8, 0.6 and 0.4 suns) was studied. 

This time, a relationship was often observed such that the PCE and JSC gains 

were more pronounced at lower irradiances. For example, the 1% optical coupling 

doped NaYF4: Er3+, Yb3+ device exhibited an 11.1% relative PCE gain at 1 sun, 

but 15.5% and 17.7% at 0.6 and 0.4 suns respectively. The same phenomenon 

is recorded for Sr4Al14O25: Eu2+, Dy3+ containing LCPV devices, in that the top 

doped concentrator displayed a 5.7% PCE enhancement at 1 sun compared to a 

14.0% increase at 0.4 suns. In addition, the JSC measurements followed a similar 

pattern, with maximum relative JSC gains of +16.3% and +13.8% occurring at 0.4 

suns irradiance for the champion NaYF4: Er3+, Yb3+ and Sr4Al14O25: Eu2+, Dy3+ 

containing devices respectively. On the other hand, there are some cases where 

this trend was not observed; for the homogenously doped Sr4Al14O25: Eu2+, Dy3+ 

concentrator, Sr4Al14O25: Eu2+, Dy3+ doped optical couplings (all concentrations) 

and the NaYF4: Er3+, Yb3+ doped concentrators (all spatial configurations), the 

maximum PCE gain was observed at either 0.6 or 0.8 suns.  

 Furthermore, it is noteworthy to contrast the performance between the different 

types of doped concentrators and doped optical couplings for both spectral 

conversion materials. In Sr4Al14O25: Eu2+, Dy3+, it was the concentrators that 

achieved the best performance parameters but in NaYF4: Er3+, Yb3+, the doped 

optical couplings. However, despite NaYF4: Er3+, Yb3+ doped concentrators 

generally performing weaker, the homogenously doped concentrator LCPV 

device outperformed that of its Sr4Al14O25: Eu2+, Dy3+ analogue; at 1 sun the 

NaYF4: Er3+, Yb3+ homogenously doped concentrator achieved a relative PCE 

gain of 1.7% whereas its Sr4Al14O25: Eu2+, Dy3+ counterpart showed a decrease 

in PCE of 2.3%. Likewise, for the doped optical couplings, there was a variance 

in the optimal doping concentration between the two compounds. For NaYF4: 

Er3+, Yb3+ doped optical coupling devices, the 1% w/w dominated across all 

irradiance levels but for their Sr4Al14O25: Eu2+, Dy3+ equivalents, it was the 0.25% 

w/w and 0.5% w/w that achieved the best PCE at 1 and 0.6 suns, and 0.8 and 

0.4 suns respectively.  
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 The EQE spectra of the LCPV devices, an important aspect of spectral 

conversion investigations, are presented in Figures 108-111. From these it can 

be seen that the EQEs obtained for cells containing both materials increased and 

were consistent with the findings from the solar simulator studies, such that the 

better performing devices exhibited higher EQEs. Of relevance to this work, the 

EQE increase was particularly observed in the 400-500 nm region, indicating DC 

or LDS taking place to aid spectral response to those wavelengths. The champion 

Sr4Al14O25: Eu2+, Dy3+ device showed an absolute rise in EQE of 3.53% at 450 

nm and an even larger enhancement of 3.96% was recorded for the best 

performing NaYF4: Er3+, Yb3+ at the same wavelength. In the middle of the 

illumination range (600-800 nm), the difference between the doped LCPV 

modules and control device becomes less significant. This is to be expected since 

these wavelengths are not within the excitation range of the rare earth 

compounds, so no spectral conversion would occur. Higher doping level devices 

also exhibit lower EQEs in this part of the spectrum because of their lower 

transparency. Then at longer illumination wavelengths, although not the primary 

focus of this investigation nor as impactful, there could be minor evidence of UC 

aiding the performance of the NaYF4: Er3+, Yb3+ containing devices. Considering 

its excitation potential at 980 nm, the EQE of the NaYF4: Er3+, Yb3+ doped optical 

coupling devices all increase up to a maximum of 1.55% at this wavelength, 

whereas their Sr4Al14O25: Eu2+, Dy3+ counterparts all decrease in EQE 

substantially at this wavelength by up to -3.29% (bar the 1% w/w measurement). 

Finally, and unfortunately, no increase in EQE can take place below 400 nm, 

despite being within a strong excitation range of both materials, due to the poor 

transmittance of the polyurethane concentrator in those regions of the spectrum.  

 After quantitatively analysing the results, it is then important to attempt to 

understand them further in terms of the underlying physical process and how they 

depend on the parameters of choice of compound, doping concentration level 

and system geometry. The better performance of NaYF4 Er3+, Yb3+ could 

potentially be attributed to its smaller particle size leading to fewer scattering 

losses, a higher quantum yield and wider spectral excitation range. Another 

strong case for the results observed is the fact that for NaYF4 Er3+, Yb3+, the most 

intense photoluminescent emission occurs at 650-675 nm whereas for 

Sr4Al14O25: Eu2+, Dy3+ the emission peaks at 500 nm. This dissimilarity could have 
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an impact on the effectiveness of the material at improving LCPV performance 

since the EQE of the bare solar cells used in these experiments is 83.8% at 500 

nm and 85.9% at 650 nm. So, the NaYF4 Er3+, Yb3+ could be better as its emitted 

photons lead to the generation of more photocurrent.   

 However, this does not explain why the Sr4Al14O25: Eu2+, Dy3+ doped 

concentrators outperform those containing NaYF4 Er3+, Yb3+. One possible theory 

is that the Sr4Al14O25: Eu2+, Dy3+ suffer from less self-absorption losses since 

there is little overlap in the emission and excitation spectrum, whereas NaYF4: 

Er3+, Yb3+ can be excited at wavelengths of 450 nm and 980 nm, where it 

demonstrates a little emission. These greater self-absorption losses will become 

more apparent over longer optical path lengths which results in more photons lost 

as the emitted light passes through the concentrator, hence the NaYF4: Er3+, Yb3+ 

doped concentrator’s lower performance. As a corollary, the reason that better 

PCE and JSC measurements were recorded for the NaYF4: Er3+, Yb3+ doped 

optical couplings could be due the shorter optical path lengths involved following 

a photon absorption and re-emission event. 

 In addition, the better results from the Sr4Al14O25: Eu2+, Dy3+ containing 

concentrators when doped at the top or bottom of the SEH can be explained by 

conclusions from a prior work; LSCs containing thin films of rare earth ion 

compounds have been demonstrated to greater PV performance than 

homogenously doped concentrators by making sure that spectral conversion 

processes occur near the boundaries of the concentrator, which reduces optical 

losses [191]. Conversely, the homogenously doped NaYF4: Er3+, Yb3+ 

concentrator may have performed better than its Sr4Al14O25: Eu2+, Dy3+ analogue, 

simply because of its greater transmittance across visible wavelengths, meaning 

a greater number of photons reach the PV cell.  

 As was seen in 2.3 and 2.7, the doping concentration of the rare earth compound 

is a major factor in the effectiveness of a spectral conversion layer or optical 

efficiency of an LSC, so is a vital parameter to be optimised. Recall that if the 

doping level is too low, insufficient absorption and thus spectral conversion will 

occur, while if it is too high, then the transparency of the layer will be parasitically 

reduced across the spectrum and energy transfer between ions will further reduce 

the spectral conversion quantum efficiency. For the doped optical coupling 

NaYF4: Er3+, Yb3+ containing devices, the 1% w/w concentration achieved the 
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best results which suggests at lower doping ratios insufficient spectral conversion 

was taking place and at 2% w/w, the PCE gain is smaller due to lower 

transmittance of the layer or even less efficient spectral conversion due to energy 

transfer between ions. Likewise, the same logic can partially explain the superior 

performance of the 0.25% and 0.5% w/w Sr4Al14O25: Eu2+, Dy3+ devices whose 

lower value could indicate greater scattering losses. However, since the 

maximum enhancements were sometimes obtained for the lowest concentration 

levels considered in this study, the true optimal value could be lower than 0.25% 

w/w or alternatively, lie somewhere between 0.25% and 0.5% w/w. The variance 

in optimal doping ratio for Sr4Al14O25: Eu2+, Dy3+ doped optical couplings also 

raises the question if the spectral conversion processes are dependent on 

incident light intensity. LDS and DC have been proposed to be independent of 

light intensity while the JSC of the PV cell falls linearly with decreasing irradiance. 

Therefore, the greater JSC enhancements observed at lower irradiances could be 

because LDS and DC process are able to occur at the same rate as higher 

irradiances, providing relatively greater numbers of photons to fall on the PV cell 

and generate current. On the other hand, UC is a non-linear process whose 

quantum yield falls with incident light intensity. Despite UC only occurring mildly 

in NaYF4: Er3+, Yb3+, this could explain the better performance of the doped 

optical coupling devices, since the light there will be at a higher concentration 

than in the concentrator, and the localised peaks in JSC and PCE gains at 0.8 

suns for various NaYF4: Er3+, Yb3+ containing LCPV device configurations (since 

below 0.8 suns the impact of the UC process on device performance could be 

negligible).  

 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 9.382 71.970 - - 

0.25 9.798 73.619 +4.43 +2.29 

0.5 9.778 74.949 +4.22 +4.14 

1.0 9.338 72.207 -0.70 +3.19 

2.0 9.382 73.302 +0.00 +1.85 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 9.167 69.976 -2.29 -2.77 

0.1 (Top) 9.916 75.168 +5.69 +4.44 

0.1 (Bottom) 9.883 75.243 +5.34 +4.55 

Table 28: JSC and PCE data for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 1 sun 
irradiance. 
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Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 8.871 53.856 - - 

0.25 9.521 57.647 +7.33 +7.04 

0.5 9.574 58.568 +7.92 +8.75 

1.0 8.938 55.480 +0.75 +3.28 

2.0 9.225 57.431 +3.99 +6.64 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 8.873 53.719 +0.03 -0.25% 

0.1 (Top) 10.079 59.807 +13.61 +11.05 

0.1 (Bottom) 9.660 60.313 +8.89 +11.99 

Table 29: JSC and PCE data for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 0.8 suns 
irradiance. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 8.860 40.490 - - 

0.25 9.458 43.188 +6.75 +6.66 

0.5 9.398 43.746 +6.08 +8.02 

1.0 8.873 41.890 +0.15 +3.37 

2.0 9.085 42.894 +2.54 +5.94 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 8.843 40.525 -0.19 +0.09 

0.1 (Top) 9.960 45.198 +12.42 +11.63 

0.1 (Bottom) 9.367 45.039 +5.72 +11.23 

Table 30: JSC and PCE data for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 0.6 suns 
irradiance. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 8.448 26.670 - - 

0.25 8.920 28.141 +5.59 +5.52 

0.5 8.945 28.627 +5.89 +7.34 

1.0 8.448 27.320 +0.00 +2.95 

2.0 8.525 28.140 +0.92 +5.38 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 8.403 26.537 -0.53 -0.50 

0.1 (Top) 9.633 29.890 +14.03 +12.07 

0.1 (Bottom) 9.523 30.346 +12.73 +13.78 

Table 31: JSC and PCE data for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 0.4 suns 
irradiance. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 9.382 71.970 - - 

0.25 10.011 75.237 +6.70 +4.54 

0.5 10.032 76.536 +6.93 +6.34 

1.0 10.423 77.783 +11.10 +8.08 

2.0 9.875 74.632 +5.25 +3.70 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 9.542 73.454 +1.71 +2.06 

0.1 (Top) 9.446 72.296 +0.68 +0.45 

0.1 (Bottom) 9.164 70.049 -2.32 -2.67 

Table 32: JSC and PCE data for NaYF4: Er3+, Yb3+ doped LCPV devices at 1 sun 
irradiance. 
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Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 8.871 53.856 - - 

0.25 9.691 59.850 +9.24 +11.13 

0.5 9.356 60.689 +5.47 +12.69 

1.0 10.249 61.925 +15.53 +14.98 

2.0 9.620 59.071 +8.44 +9.68 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 9.754 59.800 +9.95 +11.03 

0.1 (Top) 9.484 58.373 +6.90 +8.39 

0.1 (Bottom) 9.311 57.338 +4.96 +6.47 

Table 33: JSC and PCE data for NaYF4: Er3+, Yb3+ doped LCPV devices at 0.8 suns 
irradiance. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 8.860 40.490 - - 

0.25 9.750 45.350 +10.05 +12.00 

0.5 9.787 45.785 +10.46 +13.08 

1.0 10.230 46.865 +15.46 +15.74 

2.0 9.652 44.945 +8.94 +11.00 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 9.537 44.431 +7.64 +9.51 

0.1 (Top) 9.413 43.787 +6.25 +8.14 

0.1 (Bottom) 9.127 42.426 +3.01 +4.78 

Table 34: JSC and PCE data for NaYF4: Er3+, Yb3+ doped LCPV devices at 0.6 suns 
irradiance. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 8.448 26.670 - - 

0.25 9.460 29.950 +11.99 +12.30 

0.5 9.518 30.341 +12.67 +13.76 

1.0 9.940 31.013 +17.67 +16.28 

2.0 9.350 29.728 +10.68 +11.47 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 9.160 29.118 +8.43 +9.18 

0.1 (Top) 8.965 28.492 +6.12 +6.83 

0.1 (Bottom) 8.705 27.793 +3.05 +4.21 

Table 35: JSC and PCE data for NaYF4: Er3+, Yb3+ doped LCPV devices at 0.4 suns 
irradiance. 



187 
 

 

Figure 96: PCE of the Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices of varying doping 
ratios at different solar irradiances. 

 

 

Figure 97: JSC of the Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices of varying doping 
ratios at different solar irradiances. 
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Figure 98: PCE of the NaYF4: Er3+, Yb3+ doped LCPV devices of varying doping ratios 
at different solar irradiances. 

 

 

 

Figure 99: JSC of the NaYF4: Er3+, Yb3+ doped LCPV devices of varying doping ratios at 
different solar irradiances. 
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Figure 100: Relative PCE gains for the Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 
different solar irradiances. 

 

 

Figure 101: Relative JSC gains for the Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 
different solar irradiances. 
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Figure 102: Relative PCE gains for the NaYF4: Er3+, Yb3+ doped LCPV devices at 
different solar irradiances. 

 

 

Figure 103: Relative JSC gains for the NaYF4: Er3+, Yb3+ doped LCPV devices at 
different solar irradiances. 
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Figure 104: I-V curves of for the Sr4Al14O25: Eu2+, Dy3+ doped optical coupling LCPV 
devices at different solar irradiances. 
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Figure 105: I-V curves of for the Sr4Al14O25: Eu2+, Dy3+ doped concentrator LCPV 
devices at different solar irradiances. 
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Figure 106: I-V curves of for the NaYF4: Er3+, Yb3+ doped optical coupling LCPV 
devices at different solar irradiances. 
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Figure 107: I-V curves of for the NaYF4: Er3+, Yb3+ doped concentrator LCPV devices at 
different solar irradiances. 
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Figure 108: EQE spectra of the Sr4Al14O25: Eu2+, Dy3+ doped optical coupling LCPV 
devices. 

 

 

Figure 109: EQE spectra of the Sr4Al14O25: Eu2+, Dy3+ doped concentrator LCPV 
devices. 
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Figure 110: EQE spectra of the NaYF4: Er3+, Yb3+ doped optical coupling LCPV devices 

 

Figure 111: EQE spectra of the NaYF4: Er3+, Yb3+ doped concentrator LCPV devices 
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4.5 Comparing the Effect of Concentrator vs. No 
Concentrator 
 

 It was of interest to consider the difference in performance enhancements 

between the doped optical coupling LCPV modules and the Sylgard coated non-

concentrating PV cells. In order to quantitatively contrast their behaviour, the 

relative enhancements in PCE and JSC for the non-LCPV cells (Δη2 and ΔJSC2) 

were subtracted from their respective doped optical coupling LCPV values (Δη1 

and ΔJSC1) for the same rare earth compound weight level, such that: 

 

𝛥 (𝛥𝜂) = 𝛥𝜂1 − 𝛥𝜂2    (35) 

 

𝛥 (𝛥𝐽𝑆𝐶) = 𝛥𝐽𝑆𝐶1 −  𝛥𝐽𝑆𝐶2  (36) 

 

 The values for Δ (Δη) and Δ (ΔJSC) are presented numerically in the following 

Tables 36-43 and demonstrated graphically in Figures 112-115. From the data, it 

can be seen that in nearly all cases and for both materials the relative PCE and 

JSC gains are greater, often significantly, for the cells in LCPV modules than in 

their analogues without a concentrator. At 1 sun of light intensity, the 0.25% and 

0.5% w/w doped Sr4Al14O25: Eu2+, Dy3+ LCPV devices displayed differences in 

relative PCE enhancements of 2.8% and 2.1% respectively as compared to the 

same layers atop PV cells but without concentrators. At the same illumination 

level for NaYF4: Er3+, Yb3+ containing devices, even greater discrepancies were 

seen; the 0.25%, 0.5% and 1.0% w/w doping levels showed stark 5.9%, 5.7% 

and 6.3% differences in PCE enhancement with regards to the addition of an SEH 

concentrator. Furthermore, again these findings were more pronounced at lower 

irradiances, such that Δ (Δη) rose to a maximum of 5.3% and a remarkable 16.1% 

for 0.5% w/w Sr4Al14O25: Eu2+, Dy3+ and 0.5% w/w NaYF4: Er3+, Yb3+ respectively 

(the latter corresponding to a relative PCE gain of -3.5% without the concentrator 

and +12.7% with the concentrator). Moreover, the Δ (ΔJSC) largely followed a 

similar pattern as described for the Δ (Δη), although while Δ (ΔJSC) were positive 

for all irradiance values, Δ (Δη) was negative for 1% w/w Sr4Al14O25: Eu2+, Dy3+ 

at 0.6, 0.8 and 1 suns and 2% w/w Sr4Al14O25: Eu2+, Dy3+ at 1 sun only.  
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 There are three proposed physical reasons for this behaviour. Firstly, that the 

UC process is non-linear, so is more effective at the higher light concentrations 

in the optical couplings of the LCPV modules which can justify why the NaYF4: 

Er3+, Yb3+ containing layers strongly benefit from the addition of a concentrator. 

However, this does not explain the phenomena for Sr4Al14O25: Eu2+, Dy3+ since 

no UC is expected to take place and LDS and DC are unaffected by light intensity. 

This leads to an alternative theory that the increased performance for both 

compounds in the LCPV devices is because the light which enters the region 

containing spectral conversion materials comes from a media through which a 

portion of it will have undergone TIR, instead of straight from the air in the case 

of the PV cells with coatings. After TIR, the incoming light rays will be at non-

normal angles to the optical coupling, with their paths unaffected due to the 

effectively identical refractive index between the SEH concentrator and Sylgard, 

resulting in a longer optical path length through the rare earth doped region, and 

ultimately more spectral conversion events taking place leading to greater PV cell 

performance enhancement. In addition, this change in the boundary conditions 

may also have an effect on escape cone and surface scattering losses, with 

further impact on the measured parameters. And finally, another reason could be 

that the optical couplings are thinner in the LCPV devices. Although care was 

taken to ensure otherwise, the pressure of the fixing of a concentrator on top 

might have made the layers thinner in the LCPV systems, leading to less optical 

losses occurring and higher device performances.  

 It also worth comparing the different optimal doping levels for each material in 

the optical coupling of the LCPV devices and solely coated PV cells. Across 

irradiance levels, these ratios are essentially unchanged between the 

concentrator and non-concentrator modules, remaining at 0.25% or 0.5% w/w for 

the Sr4Al14O25: Eu2+, Dy3+ and 1% for the NaYF4: Er3+, Yb3+ devices. This is not 

unreasonable because in predominantly LDS and DC exhibiting materials, the 

best performing rare earth compound concentration levels should not change 

with light intensity. However, the differences between the relative PCE and JSC 

gains with the addition of concentrators did increase significantly for other doping 

ratios, particularly at the lower irradiance levels for the 1% w/w doped Sr4Al14O25: 

Eu2+, Dy3+ and the 0.25%, 0.5% and 2% w/w doped NaYF4: Er3+, Yb3+ containing 

devices.  
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 Again, abnormal trends are observed for the 1% doped coatings of both 

materials, but this time in the relationship between the difference in performance 

enhancement (for devices with and without a concentrator) and illumination level. 

In addition, the discrepancy is now most apparent at 0.8 suns instead of 0.4 suns 

for both Sr4Al14O25: Eu2+, Dy3+ and NaYF4: Er3+, Yb3+. This shift is likely due to 

the change in the intensity of light falling on the solar cell arising from the fixing 

of a concentrating optic, which affects the enhancement from spectral conversion 

and because LCPV devices showed greater performance increases than those 

studied in chapter 3, the earlier effects at 0.4 suns are less accounted for. 

Furthermore, because this anomalous behaviour is repeated for separately 

prepared 1% doped LCPV samples, it decreases the likelihood that abnormalities 

in the 1% doped layer coated PV results were due to a systematic error.  

 To summarise, these results suggest that spectral conversion could be relatively 

more effective for improving performance in LCPV, especially for BIPV 

applications where a high power per unit area is desirable. Contrasting the 

measured EQEs of the devices with and without concentrators further supports 

this hypothesis, since in the absence of concentrators at 450 nm, the EQE for 

Sr4Al14O25: Eu2+, Dy3+ and NaYF4: Er3+, Yb3+ only increased 2.25% and 1.79% 

respectively. These values are relatively 36% and 55% lower than the highest 

EQE enhancements for the best Sr4Al14O25: Eu2+, Dy3+ and NaYF4: Er3+, Yb3+ 

containing LCPV devices. However, one disadvantage of spectral conversion in 

LCPV is that no photons of wavelength less than 400 nm are utilised due to the 

opacity of the SEH concentrators in this region of the spectrum.  

 

Doping (w/w %) Δη1 (%) ΔJSC1 (%) Δη2 (%) ΔJSC2 (%) Δ (Δη) (%) Δ (ΔJSC) (%) 

0.25 +4.43 +2.29 +1.65 +1.08 +2.79 +1.21 

0.5 +4.22 +4.14 +2.10 +3.36 +2.12 +0.78 

1.0 -0.70 +3.19 +1.60 +1.21 -2.07 +1.98 

2.0 +0.00 +1.85 +0.59 +1.79 -0.59 +0.06 

Table 36: Difference in the relative PCE and JSC gains between the LCPV and non-
LCPV devices containing Sr4Al14O25: Eu2+, Dy3+at 1 sun irradiance. 

Doping (w/w %) Δη1 (%) ΔJSC1 (%) Δη2 (%) ΔJSC2 (%) Δ (Δη) (%) Δ (ΔJSC) (%) 

0.25 +7.33 +7.04 +3.25 +1.22 +4.07 +5.82 

0.5 +7.92 +8.75 +5.36 +3.32 +2.56 +5.43 

1.0 +0.75 +3.28 +3.54 +1.44 -2.79 +1.84 

2.0 +3.99 +6.64 +2.87 +1.69 +1.12 +4.94 

Table 37:  Difference in the relative PCE and JSC gains between the LCPV and non-
LCPV devices containing Sr4Al14O25: Eu2+, Dy3+at 0.8 suns irradiance. 
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Doping (w/w %) Δη1 (%) ΔJSC1 (%) Δη2 (%) ΔJSC2 (%) Δ (Δη) (%) Δ (ΔJSC) (%) 

0.25 +6.75 +6.66 +1.95 +0.26 +4.80 +6.40 

0.5 +6.08 +8.02 +3.10 +2.61 +2.97 +5.41 

1.0 +0.15 +3.37 +0.43 -0.23 -0.28 +3.60 

2.0 +2.54 +5.94 +0.50 +1.44 +2.04 +4.50 

Table 38: Difference in the relative PCE and JSC gains between the LCPV and non-
LCPV devices containing Sr4Al14O25: Eu2+, Dy3+at 0.6 suns irradiance. 

Doping (w/w %) Δη1 (%) ΔJSC1 (%) Δη2 (%) ΔJSC2 (%) Δ (Δη) (%) Δ (ΔJSC) (%) 

0.25 +5.59 +5.52 +1.31 +0.17 +4.28 +5.35 

0.5 +5.89 +7.34 +0.55 +1.39 +5.34 +5.95 

1.0 +0.00 +2.95 -4.71 -0.50 +4.71 +3.45 

2.0 +0.92 +5.38 +0.27 +0.83 +0.65 +4.55 

Table 39: Difference in the relative PCE and JSC gains between the LCPV and non-
LCPV devices containing Sr4Al14O25: Eu2+, Dy3+at 0.4 suns irradiance. 

 
 

Doping (w/w %) Δη1 (%) ΔJSC1 (%) Δη2 (%) ΔJSC2 (%) Δ (Δη) (%) Δ (ΔJSC) (%) 

0.25 +6.70 +4.54 +0.78 +1.28 +5.93 +3.26 

0.5 +6.93 +6.34 +1.28 +0.59 +5.65 +5.76 

1.0 +11.10 +8.08 +4.83 +1.76 +6.27 +6.32 

2.0 +5.25 +3.70 +3.12 +1.89 +2.14 +1.81 

Table 40: Difference in the relative PCE and JSC gains between the LCPV and non-
LCPV devices containing NaYF4: Er3+, Yb3+ at 1 sun irradiance. 

 

Doping (w/w %) Δη1 (%) ΔJSC1 (%) Δη2 (%) ΔJSC2 (%) Δ (Δη) (%) Δ (ΔJSC) (%) 

0.25 +9.24 +11.13 +3.60 +2.94 +5.64 +8.19 

0.5 +5.47 +12.69 +0.47 +1.03 +5.00 +11.66 

1.0 +15.53 +14.98 +4.86 +2.18 +10.67 +12.81 

2.0 +8.44 +9.68 +2.57 +0.74 +5.87 +8.94 

Table 41: Difference in the relative PCE and JSC gains between the LCPV and non-
LCPV devices containing NaYF4: Er3+, Yb3+ at 0.8 suns irradiance. 

 

Doping (w/w %) Δη1 (%) ΔJSC1 (%) Δη2 (%) ΔJSC2 (%) Δ (Δη) (%) Δ (ΔJSC) (%) 

0.25 +10.05 +12.00 +0.05 +0.34 +9.99 +11.66 

0.5 +10.46 +13.08 -2.23 -2.32 +12.69 +15.39 

1.0 +15.46 +15.74 +2.06 -1.76 +13.40 +17.51 

2.0 +8.94 +11.00 -2.12 -1.08 +11.05 +12.09 

Table 42: Difference in the relative PCE and JSC gains between the LCPV and non-
LCPV devices containing NaYF4: Er3+, Yb3+ at 0.6 suns irradiance. 

 

Doping (w/w %) Δη1 (%) ΔJSC1 (%) Δη2 (%) ΔJSC2 (%) Δ (Δη) (%) Δ (ΔJSC) (%) 

0.25 +11.99 +12.30 -1.71 +1.32 +13.69 +10.98 

0.5 +12.67 +13.76 -3.46 -0.71 +16.12 +14.47 

1.0 +17.67 +16.28 +3.46 -0.04 +14.21 +16.32 

2.0 +10.68 +11.47 -1.69 -0.38 +12.37 +11.85 

Table 43: Difference in the relative PCE and JSC gains between the LCPV and non-
LCPV devices containing NaYF4: Er3+, Yb3+ at 0.4 suns irradiance. 
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Figure 112: The difference in relative PCE improvements as compared to un-doped 
Sylgard for LCPV modules with and coated PV cells without a concentrator for 

Sr4Al14O25: Eu2+, Dy3+ doping at different levels. 

 

 

Figure 113: The difference in relative JSC improvements as compared to un-doped 
Sylgard for LCPV modules with and coated PV cells without a concentrator for 

Sr4Al14O25: Eu2+, Dy3+ doping at different levels. 
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Figure 114: The difference in relative PCE improvements as compared to un-doped 
Sylgard for LCPV modules with and coated PV cells without a concentrator for NaYF4: 

Er3+, Yb3+ doping at different levels. 

 

 

Figure 115: The difference in relative JSC improvements as compared to un-doped 
Sylgard for LCPV modules with and coated PV cells without a concentrator for NaYF4: 

Er3+, Yb3+ doping at different levels. 
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4.6 Effect of the Angle of Incidence 

  The investigations so far have been testing devices under illumination which is 

incident perpendicular to the surface of the concentrator (or at an angle of 

incidence of 0°). However, for realistic situations of LCPV deployment, and 

especially in BIPV, it is important to consider the case when the incoming 

radiation is at a non-normal angle of incidence. This is because over the course 

of the day in the absence of a solar tracker, sunlight will typically be striking the 

concentrator at various angles of incidence from 0 to 90°. Also, depending on the 

local climate conditions, diffuse radiation could make up a large amount of the 

total light received, so how effectively the LCPV module responds to high angle 

of incidence light can have a strong effect on the energy generation yield.  

 As shown in the earlier Figure 88, when optimising the SEH design parameters 

Sellami et al studied the optical efficiency of the concentrator over a range of 

acceptance angles from both theoretical calculations and experimental 

observations. They found an advantage of the SEH design was its wide 

acceptance angles, so it was of interest to verify this behaviour was replicated 

following the addition of rare earth containing compounds. The necessity to 

consider off-normal angles of incidence is further amplified in this work, since the 

behaviour of the spectral conversion materials will be affected by the change in 

optical path length that occurs at varied angle of incidence. To quantitatively 

investigate this, an angle adjustable inclined plane was placed on the stage under 

the simulator to which the previously fabricated LCPV devices were attached. By 

locating the solar cells and concentrators on an inclined surface (attaching with 

Blu Tack), the collimated illumination would now be at an angle of incidence equal 

to the angle of inclination of the plane from the horizontal (see Figure 116). The 

devices could then be connected to the I-V tracer to provide electrical 

characterisation at a range of solar angles of incidence.  
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Figure 116: Diagram to show how the adjustable inclined plane can be used to create 
an effective angle of incidence (θ) on an LCPV module when placed under the solar 

simulator. 

 The pitch of the plane was adjusted from 10° to 80 in 10° intervals, with PCE and 

JSC measurements taken at each inclination for an irradiance of 1 sun only (the 

same constant light intensity that was used for the earlier ‘1 sun’ characterisations 

for 0° angle of incidence). These values are presented numerically in the Tables 

44-59 and graphically in Figures 117-120. It can be seen from the data that the 

enhanced electrical performance also occurs at higher angles of incidence. In 

general, larger angles of incidence correspond to greater relative PCE and JSC 

improvements. It can be seen from Figures 121 and 123 that from 0° to 20° for 

both compounds and most configurations, the relative PCE gains rise to a peak 

of +24.0% for the 1% w/w optical coupling doped NaYF4: Er3+, Yb3+ and +23.0% 

for the top doped concentrator Sr4Al14O25: Eu2+, Dy3+ device. As the angle of 

incidence is further increased from 30° to 60°, the relative PCE improvements, 

though positive, display a quasi-sinusoidal behaviour over this range. For 

example, the top doped concentrator Sr4Al14O25: Eu2+, Dy3+ exhibited a local 

minimum at 30° where a 16.8% relative PCE increase is observed (down from 

23.0% at 20°), which subsequently rose and fell in turn to local maxima and 

minima at 40° and 50° with PCE enhancements of 18.9% and 15.3% respectively. 

Similar patterns were observed across a range of doping configurations for both 
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rare earth compounds. Then finally at high angles of incidence (70° and 80°), 

there is another sudden jump in the relative PCE enhancement for most devices; 

8.1% to 41.7% and 19.3% to 69.5% between 70° and 80° for the top and bottom 

doped NaYF4: Er3+, Yb3+ concentrators respectively. Figures 122 and 124 show 

that the same behaviour was recorded for the JSC measurements.  

 In terms of the underlying reasons for these observations, it is proposed that the 

change in optical path length could be responsible for these JSC and PCE 

enhancements. As the light travels further through the concentrator or doped 

optical coupling layer, it increases the chance of absorption and re-emission by 

the rare earth compound particles, hence a greater amount of additional current 

is produced. However, the sinusoidal profiles of the JSC and PCE enhancements 

indicate that the situation is not simply this straightforward. The presence of 

minima and maxima suggests that there is a trade-off between increasing the 

amount of spectral conversion taking place and other factors that may depend on 

angle of incidence such as parasitic absorption by the polyurethane concentrator 

medium, surface reflectance and optical losses in the SEH through non-

occurrence of TIR. The sharp increase in performance enhancement between 

70° and 80° could demonstrate this and further understanding of the paths of rays 

within the doped concentrators will be developed in chapter 6. Nevertheless, 

these preliminary results imply that this technique of rare earth compound 

addition can successfully be used for enhancing the performance of LCPV 

modules when exposed to sunlight of off-normal angles of incidence, which is 

vital for real world BIPV applications.  

 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 7.940 59.612 - - 

0.25 8.874 65.744 +11.76 +10.29 

0.5 8.959 66.812 +12.83 +12.08 

1.0 8.453 64.030 +6.46 +7.41 

2.0 8.674 66.314 +9.24 +11.24 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 8.084 60.176 +1.81 +0.95 

0.1 (Top) 9.389 69.158 +18.25 +16.01 

0.1 (Bottom) 9.226 70.822 +16.20 +18.80 

Table 44: PCE and JSC data for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 10° 
angle of incidence. 
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Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 7.298 54.509 - - 

0.25 8.234 61.462 +12.83 +12.76 

0.5 8.067 60.910 +10.54 +11.74 

1.0 7.938 61.930 +8.77 +13.61 

2.0 8.001 61.762 +9.63 +13.31 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 7.768 57.891 +6.44 +6.20 

0.1 (Top) 8.978 66.270 +23.02 +21.58 

0.1 (Bottom) 8.874 66.432 +21.59 +21.87 

Table 45: PCE and JSC data for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 20° 
angle of incidence. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 6.761 49.991 - - 

0.25 7.684 57.527 +13.65 +15.07 

0.5 6.929 52.655 +2.48 +5.33 

1.0 6.911 54.482 +2.22 +8.98 

2.0 6.991 53.836 +3.40 +7.69 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 6.664 49.833 -1.43 -0.32 

0.1 (Top) 7.895 58.372 +16.77 +16.77 

0.1 (Bottom) 7.873 59.028 +16.45 +18.08 

Table 46: PCE and JSC data for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 30° 
angle of incidence. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 5.280 40.759 - - 

0.25 5.890 44.490 +11.55 +9.15 

0.5 5.924 45.139 +12.20 +10.75 

1.0 6.162 48.297 +16.70 +18.49 

2.0 6.432 50.245 +21.82 +23.27 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 5.645 42.347 +6.91 +3.90 

0.1 (Top) 6.280 47.205 +18.94 +15.81 

0.1 (Bottom) 6.682 50.095 +26.55 +22.91 

Table 47: PCE and JSC data for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 40° 
angle of incidence. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 4.137 32.389 - - 

0.25 5.101 41.050 +23.30 +26.74 

0.5 4.552 34.625 +10.03 +6.90 

1.0 4.705 36.854 +13.73 +13.79 

2.0 4.905 38.781 +18.56 +19.74 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 4.500 34.401 +8.77 +6.21 

0.1 (Top) 4.772 35.988 +15.35 +11.11 

0.1 (Bottom) 5.375 41.088 +29.93 +26.86 

Table 48: PCE and JSC data for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 50° 
angle of incidence. 
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Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 2.571 20.205 - - 

0.25 3.679 28.489 +43.10 +41.00 

0.5 2.745 21.891 +6.77 +8.34 

1.0 3.171 26.636 +23.34 +31.83 

2.0 3.265 26.661 +26.99 +31.95 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 2.556 20.281 -0.58 +0.38 

0.1 (Top) 3.128 24.322 +21.66 +20.38 

0.1 (Bottom) 3.472 27.151 +35.04 +34.38 

Table 49: PCE and JSC data for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 60° 
angle of incidence. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 1.536 12.434 - - 

0.25 1.540 13.500 +0.26 +8.57 

0.5 1.788 14.440 +16.41 +16.13 

1.0 2.051 17.944 +33.53 +44.31 

2.0 1.958 16.249 +22.47 +30.62 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 1.252 10.422 -18.49 -16.18 

0.1 (Top) 1.886 15.183 +22.79 +22.11 

0.1 (Bottom) 2.202 17.650 +43.36 +41.95 

Table 50: PCE and JSC data for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 70° 
angle of incidence. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 0.561 4.880 - - 

0.25 0.715 7.330 +27.45 +50.24 

0.5 0.649 6.151 +15.69 +26.05 

1.0 1.013 8.524 +80.57 +74.67 

2.0 0.935 8.099 +66.67 +65.96 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 0.672 5.844 +19.79 +19.75 

0.1 (Top) 0.698 6.150 +24.42 +26.02 

0.1 (Bottom) 1.022 8.649 +82.17 +77.23 

Table 51: PCE and JSC data for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 80° 
angle of incidence. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 7.940 59.612 - - 

0.25 9.398 70.068 +18.36 +17.54 

0.5 9.558 71.858 +20.38 +20.54 

1.0 9.751 71.920 +22.81 +20.65 

2.0 9.314 70.258 +17.30 +17.86 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 9.108 68.413 +14.71 +14.76 

0.1 (Top) 8.647 64.967 +8.90 +8.98 

0.1 (Bottom) 8.861 66.311 +11.60 +11.24 

Table 52: PCE and JSC data for NaYF4: Er3+, Yb3+ doped LCPV devices at 10° angle of 
incidence. 
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Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 7.298 54.509 - - 

0.25 8.561 64.540 +17.31 +18.40 

0.5 8.436 63.939 +15.59 +17.30 

1.0 9.046 67.426 +23.95 +23.70 

2.0 8.338 62.878 +14.25 +15.35 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 8.450 63.876 +15.79 +17.18 

0.1 (Top) 8.079 61.696 +10.70 +13.18 

0.1 (Bottom) 8.008 60.740 +9.73 +11.43 

Table 53: PCE and JSC data for NaYF4: Er3+, Yb3+ doped LCPV devices at 20° angle of 
incidence. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 6.761 49.991 - - 

0.25 7.368 56.023 +8.98 +12.07 

0.5 8.063 61.700 +19.26 +23.42 

1.0 7.952 59.322 +17.62 +18.67 

2.0 7.483 56.535 +10.68 +13.09 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 7.145 54.511 +5.68 +9.04 

0.1 (Top) 7.223 55.607 +6.83 +11.23 

0.1 (Bottom) 7.383 56.248 +9.20 +12.52 

Table 54: PCE and JSC data for NaYF4: Er3+, Yb3+ doped LCPV devices at 30° angle of 
incidence. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 5.280 40.759 - - 

0.25 6.185 47.319 +17.14 +16.09 

0.5 6.730 51.150 +27.46 +25.49 

1.0 6.866 51.536 +30.04 +26.44 

2.0 6.118 46.602 +15.87 +14.34 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 6.245 47.712 +18.28 +17.06 

0.1 (Top) 5.885 45.787 +11.46 +12.34 

0.1 (Bottom) 5.838 44.800 +10.57 +9.91 

Table 55: PCE and JSC data for NaYF4: Er3+, Yb3+ doped LCPV devices at 40° angle of 
incidence. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 4.137 32.389 - - 

0.25 5.044 38.941 +21.92 +20.23 

0.5 5.481 42.646 +32.49 +31.67 

1.0 5.543 42.236 +33.99 +30.40 

2.0 4.874 37.503 +17.81 +15.79 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 4.971 38.610 +20.16 +19.21 

0.1 (Top) 4.848 38.003 +17.19 +17.33 

0.1 (Bottom) 4.940 37.917 +19.41 +17.07 

Table 56: PCE and JSC data for NaYF4: Er3+, Yb3+ doped LCPV devices at 50° angle of 
incidence. 
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Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 2.571 20.205 - - 

0.25 3.026 24.111 +17.70 +19.33 

0.5 3.577 28.502 +39.13 +41.06 

1.0 3.891 30.564 +51.34 +51.27 

2.0 2.900 22.970 +12.80 +13.68 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 3.188 25.365 +24.00 +25.54 

0.1 (Top) 3.160 25.308 +22.91 +25.26 

0.1 (Bottom) 3.527 27.446 +37.18 +35.84 

Table 57: PCE and JSC data for NaYF4: Er3+, Yb3+ doped LCPV devices at 60° angle of 
incidence. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 1.536 12.434 - - 

0.25 1.739 14.290 +13.22 +14.93 

0.5 2.042 16.652 +32.94 +33.92 

1.0 1.948 15.863 +26.83 +27.58 

2.0 1.669 13.850 +8.66 +11.39 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 1.791 14.833 +16.60 +19.29 

0.1 (Top) 1.661 13.879 +8.14 +11.62 

0.1 (Bottom) 1.832 14.781 +19.27 +18.88 

Table 58: PCE and JSC data for NaYF4: Er3+, Yb3+ doped LCPV devices at 70° angle of 
incidence. 

Doped optical coupling (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.0 0.561 4.880 - - 

0.25 0.697 6.170 +24.24 +26.43 

0.5 0.712 6.252 +26.92 +28.11 

1.0 0.779 6.750 +38.86 +38.32 

2.0 0.609 5.352 +8.56 +9.67 

Doped concentrator (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0.1 (Homogenous) 0.803 6.490 +43.14 +32.99 

0.1 (Top) 0.795 7.047 +41.71 +44.41 

0.1 (Bottom) 0.951 8.075 +69.52 +65.47 

Table 59: PCE and JSC data for NaYF4: Er3+, Yb3+ doped LCPV devices at 80° angle of 
incidence. 
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Figure 117: The PCE of the Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices under 1 sun 
illumination at angles of incidence from 0° to 80°. 

 

 

Figure 118: The JSC of the Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices under 1 sun 
illumination at angles of incidence from 0° to 80°. 
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Figure 119: The PCE of the NaYF4: Er3+, Yb3+ doped LCPV devices under 1 sun 
illumination at angles of incidence from 0° to 80°. 

 

 

Figure 120: The JSC of the NaYF4: Er3+, Yb3+ doped LCPV devices under 1 sun 
illumination at angles of incidence from 0° to 80°. 
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Figure 121: Relative PCE gains for the Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices 
under 1 sun illumination at angles of incidence from 0° to 80°. 

 

 

Figure 122: Relative JSC gains for the Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices under 
1 sun illumination at angles of incidence from 0° to 80°. 

 

 

-20

0

20

40

60

80

0 10 20 30 40 50 60 70 80

Δ
P

C
E

 (
%

)

Angle of Incidence (°)

Sr4Al14O25: Eu2+, Dy3+ doped devices relative PCE gains

0.25% 0.5% 1% 2% H T B

-20

0

20

40

60

80

0 10 20 30 40 50 60 70 80

Δ
J S

C
(%

)

Angle of Incidence (°)

Sr4Al14O25: Eu2+, Dy3+ doped devices relative JSC gains

0.25% 0.5% 1% 2% H T B



213 
 

 

Figure 123: Relative PCE gains for the NaYF4: Er3+, Yb3+ doped LCPV devices under 1 
sun illumination at angles of incidence from 0° to 80°. 

 

 

Figure 124: Relative JSC gains for the NaYF4: Er3+, Yb3+ doped LCPV devices under 1 
sun illumination at angles of incidence from 0° to 80°. 
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effective at improving PCE when doped in the optical coupling (between the 

concentrator and the PV cell). At 1 sun the Sr4Al14O25: Eu2+, Dy3+ top doped 

concentrator achieved the best PCE gain for that material of 5.7%, while NaYF4: 

Er3+, Yb3+ doped at 1% w/w in the optical coupling attained a PCE enhancement 

of 11.1%. This time the lower irradiances produced stronger relative PCE 

increases, the champion NaYF4: Er3+, Yb3+ category displaying a 17.7% rise at 

0.4 suns. Furthermore, when the doped optical coupling LCPV devices were 

compared to their analogues from chapter 3 without the concentrators, it was 

seen that the enhancements were far greater through the addition of an SEH 

optic, especially at lower irradiances; a maximum difference in relative PCE gains 

with and without a concentrator of 16.1% was recorded for 0.5% w/w doped 

NaYF4: Er3+, Yb3+ at 0.4 suns. Again, EQE went up by almost 4% at 450 nm for 

NaYF4: Er3+, Yb3+ and 3.5% for Sr4Al14O25: Eu2+, Dy3+ containing devices, 

providing further evidence for spectral conversion playing a role in these 

observations and physical reasons for the patterns noted were proposed. Finally, 

the rare earth doped LCPV devices were able to raise device PCE at wide angles 

of incidence (important when considering suitability for practical irradiance 

conditions). The increased performance was particularly noted at the wide angles 

of 60° and 80°.   
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Chapter 5. Application to Dye Sensitized 

Solar Cells 

5.1 Introduction  

 Following the successful application of Sr4Al14O25: Eu2+, Dy3+ and NaYF4: Er3+, 

Yb3+ to silicon-based PV and LCPV devices, it was now time to explore the effects 

of the same two rare earth compounds when applied to DSSCs. First, the 

structure and operating principles of a DSSC are discussed, as well as the 

different possible techniques for incorporating rare earth compounds into the 

device. Then batches of DSSCs containing the rare earth compounds in different 

thicknesses and configurations are fabricated; first by spin coating and then by 

screen printing, and their performance characterised by the solar simulator and 

IPCE.  The best SEH concentrators from chapter 4 are also attached to some of 

the DSSCs, to see the effect on power output and JSC. Finally, results from a 

collaborative study involving alternative DSSC materials and spectral conversion 

compounds are presented.   

5.2 Dye Sensitized Solar Cells 

 Dye sensitized solar cells (DSSCs) were first conceived by O’Regan and Grätzel 

in 1991 [306] and have exciting properties that could realise lower cost PV 

modules. Despite their drawbacks in terms of lower efficiency (a record of 11.9% 

as of 2019 [22]) and reduced stability limiting their commercial application, their 

simple fabrication process has made them an appealing member of the third 

generation of solar PV technologies. Their range of available colours and ability 

to be attached to flexible substrates, means attractive and innovative module 

architectures can be realised, leading to potential BIPV applications.  They are 

also an environmentally promising cell as their photoactive components are able 

to be recycled after exposure to alkaline solution [307] and unlike most PSCs, 

they do not contain any toxic lead. 

 It has been seen in 2.4.2 and 2.5.2 that DSSCs have benefitted from the addition 

of spectral conversion materials with impressive performance enhancements 

observed. In order to incorporate the materials used thus far into DSSCs, their 

structure and operating principles must be appreciated.  
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5.2.1 Dye Sensitized Solar Cell Operating Principles 

 The basic structure of a DSSC and the type of device to be studied in this chapter 

is presented in Figure 125. Each of these components play a role in a light driven 

electrochemical reaction which generates current between the two electrodes 

when they are connected via an external load. The transparent glass coated with 

a thin-film conducting oxide (TCO), usually fluorine-doped tin oxide (FTO), allows 

light to enter the cell through the working electrode. Then, the photosensitive dye 

molecules which have been adsorbed to a mesoporous layer TiO2 are able to 

absorb photons and excite the dye from its ground state to an excited state. 

Following absorption, the excited dye electron is injected into the conduction band 

of the TiO2, leaving behind a hole in the dye. This hole is then filled by an electron 

donated from an I- ion in the electrolyte which is oxidised to I. When many of 

these events occur simultaneously, two I molecules react with an I- to produce 

the triiodide ion I3-. This ion subsequently is broken down to three I- ions, through 

the acceptance of two electrons taken from the counter electrode; the same 

electrons that were released in the working electrode and reached the counter 

electrode via an external load. Thus, the flow of current is completed and is 

steadily sustained by the redox reaction taking place within the electrolyte. These 

steps are summarised in Figure 126 and the following reactions [308].  

 

 

1. S + hυ  S* 

2. S*  S+ + e- (TiO2) 

3. 2S+ + 3I-  2S + I3- 

4. I3- + 2e-  3I- 
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Figure 125: Basic sandwich structure of a DSSC where the photoactive materials are 
contained within two conductive glass electrodes. 

 

Figure 126: The flow of electrons in a DSSC with reactions 1-5 occurring at the 
numbered locations. 
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5.2.2 Dye Sensitized Solar Cell Limitations 

 The limitations on DSSC performance and issues that prevent their more 

widespread use can be divided into theoretical and practical concerns. 

Fundamentally, the power conversion efficiency is limited by four energy levels 

to be found in the cell’s material components: the ground state of the 

photosensitizer dye, S, equivalent to the highest occupied molecular orbital 

(HOMO); the excited state, S*, approximately equal to the lowest unoccupied 

molecular orbital (LUMO); the Fermi level of the TiO2 layer (EF) and redox 

potential of the electrolyte ion pair (RP) [308]. Just as with EG in single junction 

solar cells, the difference in energies between LUMO and HOMO, places a limit 

on the range of photons that can be absorbed and generate current. For the most 

often used dyes this value is approximately 1.7 eV, meaning only sunlight of 

wavelength 730 nm or less will be able to produce an electrical response. This is 

a greater portion of the spectrum than for c-Si with an EG of 1.1 eV, resulting in 

significantly more power losses due to the spectral mismatch in DSSCs. Tandem 

DSSC-silicon structures have been proposed to overcome this, reaching a PCE 

over 18% [309]. Moreover, EF is the energy required to add an electron into the 

system (in this case from the dye molecule into the working electrode) and is 

close to the conduction band level of the TiO2, while RP is a measure of the 

tendency of the ion pair (3I-/I3-) to gain or lose electrons. Both of these energy 

levels in addition to HOMO and LUMO can be defined relative to a standard 

hydrogen electrode (SHE) and are shown in Figure 127.  

 For electrons to keep moving and hence photocurrent to flow effectively, two 

further difference in energy level conditions must be satisfied. Firstly, LUMO must 

be more negative than the conduction band of the TiO2 in order to ensure 

electrons are injected at a sufficient rate. Secondly, HOMO must be more positive 

than RP, so that dye electrons are likewise replenished with optimal 

effectiveness. The discrepancies in these values compared to HOMO and LUMO 

(or over-potentials) limit the potential difference of electrons travelling between 

the two electrodes and hence curtail the maximum theoretical voltage of the 

device to the approximate difference between EF and RP, whereas for silicon 

cells, VOC is essentially limited by the rate of radiative recombination alone. The 

higher VOC of DSSCs, is also consistent with the concept of a higher EG resulting 

in a greater VOC. Although interestingly, in contrast to silicon solar cells, DSSCs 
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actually increase in performance with higher temperature which could have 

implications for their use in LCPV [310].   

 

Figure 127: Energy level diagram of the steps within DSSC current flow: Photon 
absorption (1), electron injection into TiO2 (2) and replenishment of dye (3). 

Recombination occurs via (4) and (5). Modified from [308].  

 A further contrast between silicon PV and DSSCs is that the holes and electrons 

become physically separated upon injection into the TiO2 such that recombination 

does not occur through the same charge carrier interactions as within a p-n 

junction-based cell. However, recombination in DSSCs still does occur through 

two predominant routes, between the electrons injected into the TiO2 and either 

the dye cations or I3- ions. Typically and fortunately for the cell’s performance, 

these processes happen over much longer timescales (microseconds to 

milliseconds) compared to the injection from the dye which is ultrafast, in the 

order of 10-12 s [311]. Although in reality, structural imperfections such as contact 

between the working electrode’s TCO or TiO2 uncoated with dye and the 

electrolyte can hamper device performance by amplifying these effects. 

Nevertheless, the charge transport properties and power conversion efficiency 

can be further improved by the addition of a compact TiCl4-treated TiO2 layer at 

the TCO-TiO2 boundary [312] or co-adsorbing the TiO2 with 4-tert-butylpyridine 
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(TBP) [313] which reduce TCO-electrolyte and TiO2-electrolyte recombination 

respectively.  

 Another practical factor which then limits DSSC efficiency is the absorption of 

the dye. The widely used N719 when adsorbed to TiO2 has the absorbance 

spectrum profile shown in the top right of Figure 128, where it can be seen that 

the absorption coefficient is reduced between 380 and 450 nm and is effectively 

zero at wavelengths over 730 nm. The device EQE corresponds well with the 

absorption spectrum of the dye, while the use of multiple dyes in a tandem 

electrode structure which can absorb different wavelengths has been studied by 

Baranwal et al to yield a higher EQE profile across more wavelengths and PCE 

of 7.1% [314].  

 Notwithstanding the different band gap energies, the EQEs of DSSCs typically 

are lower than silicon, with high quality devices peaking at around 70% at 540 

nm, while silicon cells exhibit EQE > 80% for 450-850 nm. This could be because 

it is harder to ensure all photons are absorbed in a nanoscale structure than in a 

traditional wafer-based cell due to the different absorption coefficients.  However, 

if the dye adsorbed TiO2 layer is made too thick the sheet resistance will rise, 

reducing performance [315], so the right balance must be struck; a thickness of 

~10 μm is usually optimal [316]. 

 

Figure 128: EQE profile of a typical N719 dye based DSSC and the absorbance 
spectrum of N719 adsorbed on TiO2 (top-right of the figure). Data from [317] and [318]. 
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 Due to their multiple material components, unlike silicon or other single junction 

PV cell technologies, the performance is not primarily dependant on one quantity 

(EG or LUMO minus HOMO) alone and the voltage of a DSSC is affected by lots 

of factors, so one cannot simply plug 1.7 eV into the Shockley-Queisser equation 

to determine maximum PCE. In 2009, Snaith estimated if a dye could absorb up 

to 940 nm with an over-potential of just 0.4 V, then a DSSC with efficiency of 20% 

would be theoretically achievable, while 13.4% was the maximum attainable PCE 

based on the properties of, at the time, state-of-art materials for liquid electrolyte 

DSSCs [319]. Mohamed et al have identified practical considerations for the ideal 

properties of each component to maximise the PCE: high transparency and high 

conductivity for the TCO coated glass; high surface area, high catalytic activity 

and high stability for the counter electrode coating; optimum redox, high stability 

and good solvent for the electrolyte; wide-range absorption, high absorption 

coefficient, high-anchoring propensity and high stability for the dye; high surface 

area, high stability and high conductivity for the mesoporous working electrode 

layer and that the photoactive region should be highly sealed [320]. 

 In addition to maximising performance, in order to be a successful alternative to 

silicon PV, the power output must be stable over long term exposure to light and 

the ambient environment, since module lifetime is just as important as efficiency 

and cost for the commercial viability of a PV technology. In their detailed review 

of stability issues pertaining to emerging PV, the following are identified as 

problems by Castro-Hermosa et al: electrolyte leakage, evaporation of the 

electrolyte solvent, degradation and depletion of the I3
- ion, desorption of the dye 

from the TiO2, degradation of the dye molecules, corrosion of the counter 

electrode coating and surface contamination of either electrode.  These can be 

caused by a combination of improper sealing, thermal stress and the subjection 

of the cell to UV radiation, moisture and oxygen, all of which accelerate dye 

degradation [321]. In the long term, replacement of the liquid electrolyte by solid 

state hole transport materials such as 2,2′,7,7′‐tetrakis‐(N,N‐di‐p‐

methoxyphenylamine)9,9′‐spirobifluorene (spiro‐MeOTAD) [322], widely used in 

PSCs, or phosphonium organic ionic plastic crystals with hydrophilic silica [323] 

could tackle these issues. Sharma et al reviewed areas to focus on for improving 

their performance which included co-sensitisation with dyes to broaden the 

absorption spectrum, increasing the TiO2 porosity and counter electrode surface 
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area through nanostructures such as with nanorods or nanowires, and of 

relevance to this work, the addition of luminescent materials such as rare earth 

ion doped oxides to change the composition of incoming light. There is also an 

added advantage of LDS or DC spectral conversion in DSSCs as it can limit the 

exposure of the dye to high energy UV photons, to the benefit of device stability 

[310].   

 Having discussed DSSC operating principles and contemporary issues around 

their effectiveness, this work will forthwith focus on the common I3
-/3I- system 

because of its facile synthesis and low cost. Even if ultimately it may be replaced 

by solid state DSSCs, the operating principles and structure are largely similar, 

so the successful demonstration of the NaYF4: Er3+, Yb3+ and Sr4Al14O25: Eu2+, 

Dy3+ materials added into various parts of the cell will be a useful addition of 

knowledge for future cell designs.  

5.3 Dye Sensitized Solar Cell Fabrication  

 The DSSCs were made using a method similar to that reported by Narra et al 

and widely used in the publications of the University of Exeter group [324].  

 The working electrodes consisted of FTO coated (to act as the TCO) 2 cm x 2 

cm square pieces of glass of 2.2 mm thickness (Pilkington). FTO conductance 

was quoted by the supplier as 13 Ω/sq and this was verified by a multi-meter 

check. After cutting to the desired size, the substrates for the working electrode 

were thoroughly cleaned through a number of steps. First the glass pieces were 

placed in a beaker containing deionised water and swilled by hand several times 

to remove shards. Then they were subjected to ultra-sonication for 15 minutes in 

a beaker of deionised water and again in ethanol. Finally after drying with hot air, 

further cleaning was conducted by placing the substrates in an Ozone UV cleaner 

(Ossila) for 15 minutes which blasts the surface with high energy activated 

oxygen atoms, breaking contaminants down into volatile compounds and 

resulting in a highly clean substrate [325].   

 Once the substrates had been prepared, the TiO2 layer could be added in one 

of two ways, spin coating or screen printing. In each case, the material used to 

form the TiO2 was 18NR-T transparent Titania paste (Greatcell). This mixture 

consists of 20 nm TiO2 nanoparticles and organic binder molecules that when 

heated dissipate, leaving behind a uniform, mesoporous layer. Spin coating as 
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described in 3.4.1 is a method to deposit thin films on substrates. The 18NR-T 

paste is too thick and viscous to be spin coated, so is mixed with ethanol in a 1:3 

weight ratio and 100 μl dropped by micropipette dynamically onto the FTO 

substrate at 3000 RPM for 60s. The edges were coated with tape to give a coating 

area of 1cm2 and prevent TiO2 going all the way to edge. This is necessary as to 

extract a current to an external load and thus characterise device performance, 

some FTO must be uncovered.  

 Screen printing, on the other hand, is a method of depositing layers in which a 

sample of material is forced downwards manually with a squeegee through a 

mesh onto the substrate below. Unlike spin coating, it does not require a non-

viscous solution, so the 18NR-T paste can be used directly, and it typically 

provides thicker layers (approx. 6 μm per print as opposed to 100 nm for spin 

coating). The thickness of the resultant layer is determined by the level of spacing 

in the mesh; the more compact the mesh pattern, the smaller volume of material 

deposited, leading to a thinner layer and vice versa [326]. The screen printer used 

for the fabrication of these devices was a 43T mesh, meaning it had 43 threads 

per cm of length. A small spatula was used to smear approximately 0.1g of paste 

on the higher boundary of the mesh (from where the squeegee would be pulled 

down from) and then carefully but firmly, a stroke of the squeegee would press 

the material down onto the centre of the glass below, producing a square coating 

of area 0.28 cm2. Two layers were added to give a thickness of ~12 μm and when 

screen printing, between the additions of layers, the substrates were kept on a 

hot plate (Stuart) at a temperature of 120°C for 10 minutes. Both sides of the 

mesh and squeegee were rubbed cleaned between depositions with ethanol in 

order to ensure a consistent procedure and no remnants from previous prints 

would be deposited. Also, when adding another layer, it is essential the second 

layer overlaps as closely as possible with the first layer for maintaining a uniform 

layer thickness and device active area. To achieve this a marker pen was used, 

on the reverse side of the FTO glass, to trace an outline of the first layer which 

could be seen through the screen printer and used as a visual reference in order 

to align subsequent layers. Lastly, in the case of screen printing only, a further 

TiO2 scattering layer was added using Greatcell 18NR-AO. In contrast to 18NR-

T, this material consists of larger TiO2 nanoparticles (approximately 450 nm in 

size) again mixed with smaller 20 nm TiO2 nanoparticles and organic binders that 
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upon heating forms an opaque layer. This functions as a light scattering layer, 

and improves the DSSC performance by increasing the path length of the 

incoming photons and hence their chance of absorption by the dye and 

generating current [327].  

 After applying the layers, to finalise the desired structure and film quality of the 

TiO2 layers, the coated substrates must be annealed to a high temperature over 

several hours. For this step, the partially complete working electrodes were 

placed on another hot plate (PR5, Harry Gestigkeit GmbH) which had a 

programmable temperature control and timer that can manage the time taken to 

reach a desired temperature (called ramp time) and time held at that temperature 

(known as hold time). The hot plate was set to expose the substrates to the 

following conditions: 20°C to 150°C with a 5 minute ramp time and held for 5 

minutes, 150°C to 250°C with a 5 minute ramp time and held for 10 minutes, 

250°C to 375°C with a 5 minute ramp time and held for 10 minutes, 375°C to 

500°C with a 15 minute ramp time and held for 30 minutes, and finally, 500°C to 

40°C with a 90 minute ramp time after which the substrates could be removed 

from the hot plate. The peak temperature of 500°C is required to fully evaporate 

the organic binders present in the pastes and give them the desired uniform 

structure (mesoporous with a large surface area to aid dye adsorption and one 

that promotes beneficial scattering). It is also important to set the cooling time for 

such a length, so that the glasses do not crack upon rapid decrease in 

temperature.  

 Next the annealed TiO2 coated FTO glasses must be soaked in a dye solution 

for 24 hours with their TiO2 side face up, so gravity aids adsorption. The dye 

solution consists of N719 powder (Ossila) which has been prepared into a 0.2 

mM solution by dissolving and mixing thoroughly in a conical flask with ethanol at 

a concentration of 12 mg of powder per 100 ml of solvent. The dye is a Ru 

containing complex with the central transition metal ion surrounded by a range of 

organic functional groups; the precise chemical composition of the powder is 

C58H86N8O8RuS2, full name Ditetrabutylammoniumcisbis(isothiocyanato)bis(2,2′-

bipyridyl-4,4′-dicarboxylato)ruthenium(II). Once made up, this dye solution could 

be stored for future use by covering the flask’s exterior in foil and its top in 

Parafilm® to prevent exposure to light and air, which would cause the dye solution 

to degrade and evaporate respectively.  
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 After allowing sufficient time for the dye to be adsorbed to the TiO2 layer, the 

substrates were carefully removed and dried with hot air. The fabrication of the 

working electrode was now complete, and the device almost ready to be put 

together. However, before placing the two electrodes in contact, there is one 

further consideration. As seen in earlier Figure 125, for DSSC operation the 

electrolyte must be spatially contained between the dye-adsorbed TiO2 layer and 

Pt counter electrode. In this study, the working electrodes have only a dye-

adsorbed TiO2 coated area of 0.28 cm2 for screen printing or 1 cm2 for spin 

coating on a 2 cm x 2 cm substrate. This means if the two electrodes are simply 

stuck together, the uncoated FTO of the working electrode will be in contact with 

the electrolyte solution or Pt opposite, which respectively create a path for the 

charges to recombine or a short-circuit. Hence it is necessary to use a spacer, 

stuck around the edges of the TiO2 layer in a square annulus shape, to contain 

the electrolyte. The material used for this purpose was Surlyn®, a 30 μm thick 

co-polymer of ethylene and methyl acrylic acid with good chemical and 

mechanical stability, along with adhesiveness on heating.  

 

Figure 129: a) Device architecture with the spacer and connection points labelled and 
b) how the device was put together.   

 Once the appropriately shaped spacers had been cut and placed on the working 

electrode, the counter electrodes were prepared for completing the device 

architecture. This process was much simpler, since no additional layers are 

required to be added to the already Pt coated FTO glasses. These counter 

electrodes were provided by Greatcell and came in strips of 7 which had to be 

cut to their 3 cm x 2 cm sizes; the glass thickness was 3 mm and just 2 cm x 2 
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cm had been coated in the Pt catalyst (since only the area that would be in contact 

with the electrolyte requires it).  The counter electrodes were cleaned in a similar 

method to the FTO substrates (ultra-sonication in deionised water, then ethanol, 

followed by UV cleaning). Finally, the I-/I3- electrolyte solution (containing 0.4 M 

LiI, 0.4 M tetrabutylammonium iodide, and 0.04 M I2 dissolved in 0.3 M N-

methylbenzimidazole in acetonitrile and 3-methoxypropionitrile solvent mixture at 

1:1 volume ratio) that had been previously prepared according to Senthilarasu et 

al [328] was dropped by a micropipette in a 30 μl quantity onto the dye-adsorbed 

TiO2 and the counter electrode placed on top (Pt facing down) to give the 

sandwich device structure shown in Figure 129. This was also done on a 100°C 

hotplate to melt the Surlyn and tweezers were used to press the sides together 

and keep the electrolyte evenly distributed. For practical reasons (e.g. cells 

couldn’t be kept on the hot plate too long or electrolyte would evaporate), ring 

binders were also used to fix the electrodes and provide a more mechanically 

stable DSSC. It is possible (and more ideal) to fill the electrolyte via a hole in the 

counter electrode which can be sealed with more Surlyn, although this was not 

deemed a necessary step for these investigations.  

5.4 Incorporation of Spectral Conversion Materials  

 The procedure described so far is for the fabrication of plain DSSCs to act as 

control devices containing N719 adsorbed TiO2 at the photoanode only, but when 

DSSCs containing spectral conversion materials were required, the rare earth 

compounds must be incorporated at some stage of the process. It was seen in 

2.4.2 and 2.5.2 that various rare earth doped compounds have been added into 

DSSCs and other emerging PV cells in a range of configurations, predominantly 

internally within the layers of the working electrode or externally on the glass that 

faces the incoming illumination. The spectral conversion properties of NaYF4: 

Er3+, Yb3+ and Sr4Al14O25: Eu2+, Dy3+ were suitable as they could potentially 

absorb in the 380-450 nm region of the spectrum where EQE is low and re-emit 

at > 500 nm where spectral response is greater.  

 To probe these differences further, in 2017 Hosseini et al [329] critically 

compared an extensive catalogue of DSSC studies which had applied the 

luminescent particles in nine regions of the device structure as shown in Figures 

130 and 131.  
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Figure 130: Different ways of incorporating the spectral conversion materials onto the 
DSSC exterior glass substrate: a) and b) above or below the working electrode, c) and 

d) below or above the counter electrode. Taken from [329]. 

 

Figure 131: Different ways of incorporating the spectral conversion materials into the 
interior of a DSSC: a) Evenly throughout the TiO2, b) at the top of the TiO2, c) above 

the TiO2, d) throughout the electrolyte or e) on the counter electrode. Taken from [329]. 

 In subsequent investigations, the doping was opted to be added internally to the 

device, as opposed to above or below the glass substrate of either electrode. This 

was due to higher efficiency enhancements having been observed for these 

configurations and additional functional benefits such as raising EF of the TiO2 

(and hence the cell voltage) and the ability to act as a light scattering material. 

The configurations of (a), (b) and (c) in Figure 131 were chosen as the 

predominant structures to be investigated due to the higher enhancements 

reported, as well as (e) because of the novelty of it not having been attempted in 

any of the studies presented by Hosseini et al.   
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 In the first trial study, using the spin coated DSSC fabrication technique, NaYF4: 

Er3+, Yb3+ (chosen over Sr4Al14O25: Eu2+, Dy3+ due to its better performance in 

chapters 3 and 4) was dispersed in the TiO2 to give an (a) type device. A simple 

mixing technique was used such that varying weight ratios of NaYF4: Er3+, Yb3+ 

(0%, 0.25%, 0.5%, 1% and 2%) were mixed with 18NR-T paste and ethanol, first 

manually in a vortex mixer (Stuart), then through ultra-sonication for 15 minutes. 

As will be seen in the results, this crude approach together with the thinness of 

TiO2 layer from spin coating led to a lower efficiency and less meaningful results. 

 Therefore, for the following studies, care was taken to prepare a mixture of rare 

earth compound that could be well applied to the electrode with a uniform and 

mesoporous structure, as seen in Figure 131. Furthermore, a more rigorous 

preparation process was needed to reduce particle size (since the devices are at 

nanoscale, any internally added particles should ideally be too). To achieve this, 

the two rare earth materials were in turn mixed in a mortar and pestle with the 

same organic binders present in 18NR-T/18NR-AO in order to give a good film 

quality upon annealing. The binder molecules used were ethyl cellulose (Sigma) 

and α-terpineol (Sigma). In order to make the mixture, first 1 g of either Sr4Al14O25: 

Eu2+, Dy3+ or NaYF4: Er3+, Yb3+ was added to 1.2 ml of ethanol and ground firmly 

with an agate mortar and pestle. Meanwhile, 1g of ethyl cellulose was separately 

added to 2 ml of ethanol in a small beaker placed on a 70°C hotplate, creating a 

viscous gel. Next 200 μl of this mixture was added to the rare earth compound-

ethanol powder along with a further 200 μl of α-terpineol, and thorough grinding 

in the mortar and pestle continued for 10 minutes. Additional rare earth compound 

or ethanol was added if the mixture became too thin or thick respectively. Then 

the addition of 200 μl of both binders and mixing for 10 minutes was repeated 

four times, such that the paste had been ground for a total of 50 minutes. This 

procedure resulted in two smooth but gel like pastes with a similar texture to the 

18NR-T/AO materials but greyish-white in colour for the NaYF4: Er3+, Yb3+ 

containing sample and beige for that made from Sr4Al14O25: Eu2+, Dy3+. Then 

finally, to allow the particles for use in different proposed methods of incorporation 

into the DSSC, each mixture was divided into two portions; one was set aside as 

prepared and the other was to be further mixed with an equal mass of TiO2 paste 

(18NR-AO) in ethanol; this was done for 1 hour by magnetic stirring. The mixture 

of TiO2 and rare earth compound paste would be used for making cells to the 
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design of Figure 131 (b) whereas the purely Sr4Al14O25: Eu2+, Dy3+ or NaYF4: Er3+, 

Yb3+ pastes would be utilised for methods (c) and (e).  

 All that remained to be considered after this synthesis was how to apply the 

pastes and solutions to the electrodes during device fabrication. Screen printing 

was found not to be effective for applying either the rare earth compound pastes 

or rare earth compound-TiO2 solutions due to their thickness and low viscosity 

respectively. Therefore, three alternative methods were used: spin coating, drop 

casting and doctor blading. Only the latter technique has not been introduced 

thus far; doctor blading is fairly similar to screen printing, but there is no mesh 

and instead a rigid object (such as a glass rod or rectangular piece of glass) is 

used as the squeegee by pulling in one direction to distribute a thin film of material 

on a substrate that has been masked (e.g. covered with tape on the area that no 

deposition is required). For the construction of a device like (c), after the 

deposition of two 18NR-T layers via screen printing, a layer of the desired rare 

earth compound paste was added by doctor blading. Likewise, for (e), the 

cleaned and dried Pt counter electrodes were coated in a 0.28 cm2 area of rare 

earth compound paste via doctor blading. On the other hand, for (b) type devices, 

the rare earth compound-TiO2 mixture was added either by drop casting a blob 

(of varying volumes, 25 μl, 50 μl, 100 μl and 200 μl to control the layer thickness) 

in the central area of the first two 18NR-T layers over a hot plate at 120°C and 

spreading with the micropipette tip, or for a very thin layer, by spin coating (after 

masking outside the 18NR-T layers as per doctor blading) 100 μl at 3000 RPM 

for 1 minute.  

 In all cases where rare earth compounds were added, the same annealing and 

cooling procedure (up to and down from 500°C) was followed and two identical 

copies of each device configuration were made to improve reproducibility of the 

work (except for the control devices, for which a total of six devices were made 

since they were going to be compared against all other samples, so needed a 

more accurate set of measurements). These steps are summarised by Figure 

132 and a real image of a completed DSSC device is shown in Figure 133.  
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Figure 132: Summary of the steps required to fabricate device types (a), (b), (c) and (e) 
as well as control DSSCs.  

 

 

Figure 133: Real life image of a complete fabricated DSSC of type (e). 
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5.5 Results  

5.5.1 Indoor Characterisation under the Solar Simulator 

 The DSSCs were first tested under the solar simulator by connecting the I-V 

tracer clips to the DSSC anode and cathode as shown in Figure 128. The same 

general procedure was followed as in chapters 3 and 4 whereby devices had two 

measurements recorded following illumination for 30 seconds and 60 seconds. It 

was also important to characterise within a reasonably quick timeframe following 

device fabrication, since DSSCs may lose quality after prolonged exposure to the 

ambient environment.  

 The electrical performance parameters for the spin coated devices are given in 

Tables 60 and 61, and their I-V curves and transmittance spectra (from UV-Vis 

spectrometry) given in Figures 134 and 135 respectively.  Furthermore, the 

numerical data for the much more extensive study on screen printed DSSCs are 

presented in Tables 62-65 with I-V curves in Figures 136 and 138. For clarity in 

the tables and I-V curves, the devices are denoted by DB for the doctor bladed 

on TiO2 (Figure 131 (a)), SC for the spin coated TiO2-rare earth mixture (b), DC 

x μl for the drop casting by x μl of the TiO2-rare earth mixture (b) and DB CE for 

the doctor bladed counter electrode (e). Additionally, the variations in PCE and 

JSC enhancements with layer thickness for the drop casted TiO2-rare earth 

compound mixtures are presented in Figures 137 and 139. It should be finally 

added that as in chapter 3 and 4, the presented data are for the device displaying 

the champion PCE (although for the control, it is the champion from the median 

of the three produced batches each of two devices).  

Doping (w/w %) η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

0 0.164 0.511 - - 

0.25 0.206 0.461 +25.61 -9.78 

0.5 0.052 0.177 -68.29 -65.36 

1.0 0.120 0.256 -26.83 -49.90 

2.0 0.136 0.324 -17.07 -29.72 

Table 60: PCE and JSC data for NaYF4: Er3+, Yb3+ doped spin coated DSSCs at 1 sun. 

Doping (w/w %) VOC (mV) FF  ΔVOC (%) Δ FF (%) 

0 764.222 0.420 - - 

0.25 832.753 0.547 +8.97 +30.24 

0.5 741.967 0.399 -2.91 -5.00 

1.0 830.053 0.583 +8.61 +38.81 

2.0 804.300 0.525 +5.24 +25.00 

Table 61: VOC and FF data for NaYF4: Er3+, Yb3+ doped spin coated DSSCs at 1 sun. 

 



232 
 

 

 

 

Figure 134: I-V curves for the NaYF4: Er3+, Yb3+ doped spin coated DSSCs at 1 sun. 

 

 

 

Figure 135: Transmittance spectra for the NaYF4: Er3+, Yb3+ doped spin coated DSSCs. 
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Device Category η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

Control  3.456 6.639 - - 

Doctor bladed on TiO2 3.218 6.482 -6.89 -2.37 

Spin coated TiO2 mixture  3.588 6.970 +3.82 +4.99 

Drop cast TiO2 mixture (25 μl) 4.088 8.650 +18.27 +30.29 

Drop cast TiO2 mixture (50 μl) 3.804 8.088 +10.07 +21.83 

Drop cast TiO2 mixture (100 μl) 3.502 8.868 +1.33 +33.57 

Drop cast TiO2 mixture (200 μl) 2.792 6.698 -19.21 +0.89 

Doctor bladed counter electrode 4.321 11.481 +25.04 +72.94 

Table 62: PCE and JSC data for Sr4Al14O25: Eu2+, Dy3+ doped screen printed DSSCs at 
1 sun. 

Device Category VOC 
(mV) 

FF  ΔVOC 
(%) 

Δ FF (%) 

Control  849.892 0.613 - - 

Doctor bladed on TiO2 864.978 0.574 +1.78 -6.36 

Spin coated TiO2 mixture  855.000 0.604 +0.60 -1.47 

Drop cast TiO2 mixture (25 μl) 804.000 0.588 -5.40 -4.08 

Drop cast TiO2 mixture (50 μl) 832.934 0.572 -2.20 -6.69 

Drop cast TiO2 mixture (100 μl) 767.925 0.514 -9.64 -16.15 

Drop cast TiO2 mixture (200 μl) 779.612 0.546 -8.27 -10.93 

Doctor bladed counter electrode 797.600 0.475 -6.15 -22.51 

Table 63: VOC and FF data for Sr4Al14O25: Eu2+, Dy3+ doped screen printed DSSCs at 1 
sun. 

Device Category η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

Control  3.456 6.639 - - 

Doctor bladed on TiO2 2.142 3.846 -38.02 -42.07 

Spin coated TiO2 mixture  3.701 7.485 +7.09 +12.74 

Drop cast TiO2 mixture (25 μl) 4.303 9.004 +24.50 +35.63 

Drop cast TiO2 mixture (50 μl) 5.303 12.412 +53.44 +86.96 

Drop cast TiO2 mixture (100 μl) 2.798 5.439 -19.04 -18.07 

Drop cast TiO2 mixture (200 μl) 2.871 6.479 -16.94 -2.42 

Doctor bladed counter electrode 5.029 11.921 +45.53 +79.55 

Table 64: PCE and JSC data for NaYF4: Er3+, Yb3+ doped screen printed DSSCs at 1 
sun. 

Device Category VOC 
(mV) 

FF  ΔVOC 
(%) 

Δ FF (%) 

Control  849.892 0.613 - - 

Doctor bladed on TiO2 836.700 0.666 -1.55 +8.65 

Spin coated TiO2 mixture  851.700 0.585 +0.21 -4.57 

Drop cast TiO2 mixture (25 μl) 775.800 0.606 -8.72 -1.14 

Drop cast TiO2 mixture (50 μl) 779.007 0.544 -5.99 -11.26 

Drop cast TiO2 mixture (100 μl) 788.800 0.652 -7.19 +6.36 

Drop cast TiO2 mixture (200 μl) 756.500 0.591 -10.99 -3.59 

Doctor bladed counter electrode 798.000 0.526 -6.11 -14.19 

Table 65: VOC and FF data for NaYF4: Er3+, Yb3+ doped screen printed DSSCs at 1 sun. 
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Figure 136: I-V curves for the Sr4Al14O25: Eu2+, Dy3+ doped screen printed DSSCs at 1 
sun. 

 

Figure 137: PCE against layer thickness (drop cast volume) for both rare earth doped 
compounds. 
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Figure 138: I-V curves for the Sr4Al14O25: Eu2+, Dy3+ doped screen printed DSSCs at 1 
sun. 

 

Figure 139: PCE against layer thickness (drop cast volume) for both rare earth doped 
compounds. 
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5.5.2 Incident Photon-to-electron Conversion Efficiency 

 It was also intended, as with the silicon PV devices, to measure the EQE of the 

DSSCs with the Bentham PVE300. This was possible by following a different 

characterisation procedure, necessary due to the lower current signals of a 

DSSC. In this case, the transformer was not used and instead the direct current 

mode of the signal processor was chosen. The connections were set up in a 

similar way to when reflectance measurements were made in chapter 3, such 

that the test cell was connected directly to the 497 current pre-amplifier which 

had an output to the 496 lock in amplifier. In addition, the chopper was turned off 

(because of the weaker signal from DSSCs) and the wire connecting the cell and 

the 497 was a coaxial cable with one end split into two cables, so that two further 

crocodile clip wires could be attached to their ends and to the DSSC anode and 

cathode respectively. Finally, the calibration was applied in the same method as 

before, but the silicon reference cell was connected without transformer and into 

the 497. The resulting spectra for the control DSSC and best performing rare 

earth doped device are shown in Figure 140.   

 

Figure 140: EQE spectra for the control and best performing rare earth doped DSSCs 
for each material. 
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5.5.3 Discussion 

 It can be noted from the data and I-V curves that, in general, the presence of 

rare earth doped compounds increased the performance characteristics of the 

DSSCs, particularly the PCE and JSC which are of primary concern in this work. 

It was observed that the spin coated devices clearly performed worse than the 

DSSCs with screen printed working electrodes. This was likely because of their 

TiO2 layer being so thin, meaning much less of the incident light can be absorbed 

and converted to current. However, the high transparency of these cells could 

lead to more potential for spin coated devices, following a more optimal 

fabrication procedure and the addition of rare earth compound (albeit primitively), 

still resulted in increased performance for the 0.5% w/w doped NaYF4: Er3+, Yb3+ 

in TiO2. In addition, the rise in VOC for 3 out of 4 of these doped devices could be 

due to the change in Fermi level raising the electron potential or reduced 

recombination at the working electrode interface [260]. Although, this benefit in 

the majority of cases was outweighed by the decrease in JSC (perhaps due to 

weaker dye adsorption and hence absorption in the presence of NaYF4: Er3+, 

Yb3+) that hampered the overall PCE.  

 The screen printed DSSCs on the other hand achieved PCEs, over an order of 

magnitude greater than their spin coated counter parts and more recognisable 

performance enhancements owing to their greater layer thickness and more 

meticulous method of adding the rare earth compounds. For example, the control 

spin coated TiO2 electrode DSSC with no added rare earth compound achieved 

a PCE of 0.16% compared to 3.46% for its control screen printed counterpart (a 

22-fold increase). Likewise, the JSC between the two fabrication methods rose 

from 0.51 mA/cm2 for spin coating to 6.64 mA/cm2 for screen printing (a 13-fold 

increase). The FFs and VOC did not change so drastically but were still slightly 

higher for the screen printed control device at 0.61 and 850 mV vs 0.42 and 764 

mV for the un-doped spin coated DSSC.  

 In most instances, the devices containing the spectral conversion materials 

showed higher PCE and JSC with the exceptions of the rare earth compound only 

doctor bladed layer on top of the TiO2 (for both materials), the 200 µl drop casted 

TiO2-Sr4Al14O25: Eu2+, Dy3+ mixture and the 100 and 200 µl drop casted TiO2- 

Sr4Al14O25: Eu2+, Dy3+ mixture. As with chapter 3 and 4, the PCE and JSC 

increases were correlated across all devices, meaning more current being 
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generated is primarily responsible for the enhanced performance. Although unlike 

the spin coated devices, the addition of rare earth compounds did not consistently 

raise the VOC or FF, as this time these quantities were mostly decreased.     

 In terms of PCE, the stronger performing devices for both materials were the (25 

and 50 µl) drop casted TiO2-rare earth mixture and doctor bladed counter 

electrode as compared to the other methods of applying the TiO2 rare earth 

mixture. The reasons for this could be because of the thicker layer, leading to 

more potential for interaction with the spectral conversion particles and because 

of optical scattering, increasing the light path travelled and current generated. 

Also the fact the impurities are located at the top of the mesoporous TiO2 and not 

throughout it means dye adsorption is not curtailed, which is why a high JSC is still 

recorded [330]. On the contrary, the large enhancement from the unconventional 

approach of coating the counter electrode, could be down to the lack of 

interference with the charge carrier dynamics of the DSSC’s working electrode, 

with the rare earth layer acting separately to capture more light via spectral 

conversion or even simple optical reflection. However, there is an effect on the 

charge-carrier behaviour at the counter electrode, as demonstrated by a 

decrease in FF and VOC but compensated by a sharp increase in JSC. These 

changes could be because the sheet resistance goes up (lowering FF) and a 

mismatch to the electrolyte redox potential is introduced, increasing the over-

potential (lowering VOC) but quickening the replenishment of ions (raising JSC) 

[331]. 

 Comparing the two rare earth compounds, for Sr4Al14O25: Eu2+, Dy3+, the best 

device was the coated counter electrode which displayed a 4.32% PCE and JSC 

of 11.48 mA/cm2, corresponding to relative increases of 25% and 73% compared 

to the control device. However, for NaYF4: Er3+, Yb3+, the coated counter 

electrode was the second most improved device and the single highest PCE 

(across both rare earth compounds) was recorded for the 50 µl drop casted TiO2-

rare earth compound mixture. This DSSC exhibited a remarkable increase in its 

PCE and JSC to 5.30% and 12.41 mA/cm2 respectively (53% and 87% relative 

enhancements).  

 The relationship between the layer thicknesses of each drop casted material 

mixture was also explored as shown in Figures 137 and 139. It can be seen in 

general that for both materials the thinner drop casted layers performed better, 
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although the optimum for NaYF4: Er3+, Yb3+ was deemed to be 50 µl and 25 µl for 

Sr4Al14O25: Eu2+, Dy3+. These discrepancies could be due to the different 

absorption coefficients of the two materials and there could be evidence of 

consistency with the earlier silicon PV investigations. In chapter 4, it was claimed 

the homogenously doped NaYF4: Er3+, Yb3+ concentrator performed better over 

longer optical path lengths due to its lower absorption coefficient. The same 

theory would explain why a thicker layer of NaYF4: Er3+, Yb3+ is required to deliver 

the best performance enhancement. However, as seen by the 100 µl and 200 µl 

measurements, if the layer becomes too thick, then parasitic absorption will 

dominate the desirable optical and luminescent processes. Alternatively, too thin 

a layer is not good as demonstrated by the poorer performances of both the spin 

coated TiO2-rare earth mixtures. This also means, there must be an optimal 

thickness for the Sr4Al14O25: Eu2+, Dy3+ doped TiO2 between that of the spin 

coated and 25 µl drop casted layer.  

 Lastly, and in contrast to earlier chapters, the DSSC EQE measurements were 

inconclusive and not immediately indicative of spectral conversion being very 

responsible for increased performance. This is because they did not show much 

improvement in EQE at the expected wavelengths of rare earth compound 

excitation (400-450nm) whereas they surprisingly did show a higher spectral 

response in the 500-650 nm region. Positively, the EQE profile of the control cell 

did follow approximately the predicated shape according to Figure 128, in which 

EQE broadly follows the absorption of the N719 dye, with peaks at < 400 nm and 

520 nm, and no response beyond 730 nm where the dye cannot absorb photons. 

Although, in these fabricated cells the minimum has shifted towards 450 nm 

which is unusual. This could be for one of two reasons; either a systematic error 

from the measuring equipment or the suggestion that the increased performance 

is not down to spectral conversion alone. This would mean the better 

performance across all wavelengths is due to some other process such as 

scattering or anti-reflective properties. In fact, if spectral conversion was 

dominant, one would expect the Sr4Al14O25: Eu2+, Dy3+ to outperform NaYF4: Er3+, 

Yb3+ in terms of PCE and JSC as the emission wavelength of the former (500 nm) 

corresponds better to a high EQE for N719 based DSSCs than the latter’s 660 

nm. Nevertheless, this does not necessarily mean spectral conversion is not 

taking place, rather it just may be dominated by the other processes which are 
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amplified because unlike the silicon cells, these materials are located inside the 

PV cell itself.  

5.6 SEH Concentrators on DSSCs 

 Concentrators can be coupled with DSSCs to increase the light flux and hence 

power output from a device [332]. This reduces the area of cells required and can 

potentially lower electricity costs. Moreover, since the rare earth doped 

compound SEH concentrators (particularly the top and bottom doped Sr4Al14O25: 

Eu2+, Dy3+ varieties) were effective in improving the efficiency of silicon PV cells, 

it would be interesting to see if this enhancement could be repeated for DSSCs. 

To test this concept, 3 concentrators were placed on top two types of DSSC and 

their performance was characterised under the solar simulator. The DSSCs to be 

tested were the un-doped control device (the natural choice to see if the doped 

concentrators themselves could raise device performance) along with a rare 

earth doped DSSC, Sr4Al14O25: Eu2+, Dy3+ - TiO2 mixture 100 μl drop casted. The 

concentrators used were the 0.1% w/w Sr4Al14O25: Eu2+, Dy3+ top and bottom 

doped concentrators (as they gave the best results in chapter 4), as well as the 

plain SEH concentrator to act as a control. Although they are not ideally shaped, 

having a 1 cm2 exit aperture on to 0.28 cm2 active area of DSSC, they should still 

attain a higher light concentration incident on the device. Furthermore, 

illumination levels were varied to 1, 0.8, 0.6 and 0.4 sun(s) in order to see if any 

effects similar to those in chapter in 4 would be observed (e.g. if performance 

enhancement changes with reduced light irradiance).  

 The key results are displayed in Tables 66-69 with I-V curves in Figures 141 and 

143. The scope of this presented data was limited to maximum power output, 

Pmax, and JSC instead of PCE (because the increased receiving area of the 

module as in chapter 4 will lower the PCE for LCPV devices and the main 

motivation of using concentrators is to get more power per area not a higher 

PCE). ΔPmax and ΔJSC are defined relative to the DSSC type with no concentrator 

(i.e. no comparison between doped and control DSSC) and the former is shown 

for each type of concentrator in Figures 142 and 144. It is noted that at 1 sun, 

Pmax was increased by all concentrators to a maximum of 1.32 mW for the control 

DSSC and 1.24 mW for the doped DSSC, relative enhancements of 36.3% and 

26.4% respectively. As expected, increased JSC accompanied these 

enhancements, rising up to 48.3% and 32.7% for the control and doped DSSC. 
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It was the bottom doped concentrator that achieved these best results, followed 

by the plain (un-doped) concentrator and top doped concentrator. The optical 

efficiencies of the concentrators in this set up can be calculated by dividing the 

JSC with the concentrator by the JSC without the concentrator and multiplying by 

G (=3.534), and are 41.9%, 39.3% and 38.0% for the bottom doped, plain and 

top doped concentrators respectively, using data for the control cell. The reason 

for the better performance of the bottom doped concentrator could be that more 

emission was originating from closer to the cell, so that the radiation cone 

reaching it is a larger portion of the total emitted in all directions. Likewise, the 

top doped concentrator fails to raise efficiency because a smaller portion of its 

emission reaches the cell. This idea will be further explored in a model that 

features in the next chapter.  

 Furthermore, the un-doped DSSC may have been enhanced more relatively 

because less light of the spectral conversion excitation wavelength is reaching 

the cell when a concentrator is placed above. However, by observing the data for 

lower irradiances, it can be seen a similar phenomenon to chapter 4 is observed 

in that the rare earth containing device’s performance is relatively more enhanced 

at lower irradiances. For example, considering the bottom doped concentrators, 

at 0.8 suns the doped DSSC sees a ΔPmax of 37.8% vs 34.2% for the control 

DSSC. Similarly, at 0.6 and 0.4 suns the doped DSSC records a greater ΔPmax 

(4.7% higher at 0.6 suns and 8.9% higher at 0.4 suns). This finding could be 

attributed to the same behaviour proposed in the earlier chapter in that the 

spectral conversion quantum yield and cell collection efficiency fall at different 

rates with reduced light intensity. 

 

Device Category Pmax (mW) JSC 
(mA/cm2) 

ΔPmax 
(%) 

ΔJSC (%) 

Control DSSC (no concentrator) 0.968 6.639 - - 

Control DSSC (plain conc.) 1.267 9.225 +30.93 +38.95 

Control DSSC (top concentrator) 1.223 8.914 +26.39 +34.27 

Control DSSC (bottom conc.) 1.319 9.843 +36.29 +48.25 

Doped DSSC (no concentrator) 0.981 8.868 - - 

Doped DSSC (plain conc.) 1.172 11.214 +19.53 +26.46 

Doped DSSC (top concentrator) 1.126 10.575 +14.85 +19.25 

Doped DSSC (bottom conc.) 1.240 11.768 +26.41 +32.70 

Table 66: Pmax and JSC data for control and rare earth doped screen printed DSSCs with 
SEH concentrators under 1 sun. 

 



242 
 

 

 

 

 

Device Category Pmax (mW) JSC 
(mA/cm2) 

ΔPmax 
(%) 

ΔJSC (%) 

Control DSSC (no concentrator) 0.802 5.425 - - 

Control DSSC (plain conc.) 1.046 7.421 +30.32 +36.80 

Control DSSC (top concentrator) 0.996 7.054 +24.08 +30.02 

Control DSSC (bottom conc.) 1.077 7.764 +34.19 +43.12 

Doped DSSC (no concentrator) 0.773 6.757 - - 

Doped DSSC (plain conc.) 0.993 8.946 +28.56 +32.40 

Doped DSSC (top concentrator) 0.990 8.868 +28.09 +31.24 

Doped DSSC (bottom conc.) 1.065 9.736 +37.80 +44.08 

Table 67: Pmax and JSC data for control and rare earth doped screen printed DSSCs with 
SEH concentrators under 0.8 suns. 

Device Category Pmax (mW) JSC 
(mA/cm2) 

ΔPmax 
(%) 

ΔJSC (%) 

Control DSSC (no concentrator) 0.605 3.893 - - 

Control DSSC (plain conc.) 0.780 5.354 +28.98 +37.52 

Control DSSC (top concentrator) 0.759 5.218 +25.46 +34.04 

Control DSSC (bottom conc.) 0.813 5.686 +34.44 +46.06 

Doped DSSC (no concentrator) 0.617 5.068 - - 

Doped DSSC (plain conc.) 0.792 6.614 +28.38 +30.51 

Doped DSSC (top concentrator) 0.792 6.668 +28.38 +31.57 

Doped DSSC (bottom conc.) 0.858 7.321 +39.10 +44.47 

Table 68: Pmax and JSC data for control and rare earth doped screen printed DSSCs with 
SEH concentrators under 0.6 suns. 

Device Category Pmax (mW) JSC 
(mA/cm2) 

ΔPmax 
(%) 

ΔJSC (%) 

Control DSSC (no concentrator) 0.410 2.414 - - 

Control DSSC (plain conc.) 0.535 3.282 +30.29 +35.95 

Control DSSC (top concentrator) 0.515 3.136 +25.38 +29.88 

Control DSSC (bottom conc.) 0.542 3.332 +31.92 +38.02 

Doped DSSC (no concentrator) 0.406 3.129 - - 

Doped DSSC (plain conc.) 0.534 4.164 +31.43 +33.11 

Doped DSSC (top concentrator) 0.497 3.893 +22.33 +24.43 

Doped DSSC (bottom conc.) 0.568 4.518 +39.83 +44.41 

Table 69: Pmax and JSC data for control and rare earth doped screen printed DSSCs with 
SEH concentrators under 0.4 suns.  
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Figure 141: I-V curves for the control screen printed DSSCs with SEH concentrators at 
varying irradiance levels. 

 

Figure 142: ΔPmax for the plain, top and bottom doped concentrators compared to 
without concentrators for the control DSSC at varying irradiance levels.  
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Figure 143: I-V curves for the rare earth doped screen printed DSSCs with SEH 
concentrators at varying irradiance levels. 

 

Figure 144: ΔPmax for the plain, top and bottom doped concentrators compared to 
without concentrators for the rare earth doped DSSC at varying irradiance levels. 
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5.7 Y2O3: Yb3+, Tm3+, Ho3+ and Y2O3: Yb3+, Ho3+ in 
Porphyrin-Carbon Counter Electrode Based DSSCs 
  

 Another type of DSSC that utilised a different dye and counter electrode as 

opposed to the widely used N719 and Pt coated FTO was fabricated in 

collaboration with Dr. Nanaji Islavath at the Indian Institute of Chemical 

Technology (IICT), Hyderabad, India. The basic device sandwich structure and 

operating principle were the same as earlier Figure 125, with a dye adsorbed TiO2 

working electrode and I3-/3I- electrolyte solution providing the necessary steps for 

the generation of current. However, the devices in this subsection used a type of 

porphyrin dye as a photosensitizer instead of N719. This class of dyes have long 

been investigated as an alternative DSSC material due to their intense visible 

light absorption, easily tuneable electronic structure and modifiable core. Further 

motivation comes from their potential lower cost than ruthenium based N719 

because porphyrin molecules can contain inexpensive metals such as zinc at 

their coordination centre or even no metal at all [333]. Although one factor that 

has held back porphyrin dyes’ widespread use in devices is their poor response 

to light at wavelengths around 600 nm. Nevertheless, recent advances in the 

designing of donor-π-acceptor (D-π-A) dyes, in which an organic molecule and 

carboxyl group are attached to opposing sides of the porphyrin macrocycle, have 

led to significantly higher device efficiencies due to the enhanced light absorption. 

Specifically, work by Krishna et al has identified LG5 (structure outlined in Figure 

145) as a strongly performing and highly stable dye, demonstrating DSSC PCE 

above 10% and 8% after 1000 hours of exposure [334]. Thus, there is exciting 

potential from LG5, so it is an ideal type of dye to explore in DSSC spectral 

conversion studies.  

 
 Figure 145: Structure of the porphyrin dye LG5 used in the DSSCs in this section. 

Taken from [334]. 
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 Likewise, the counter electrode, until now made from Pt (which contributes 

significantly to the device cost) was replaced with a cheaper option. Carbon is 

deemed a suitable alternative due to its low cost, high surface area to volume 

ratio, catalytic activity, electrical conductivity, thermal stability, corrosion 

resistance and reactivity with respect to the reduction of the I3
- ion. A review of 

advances in carbon electrodes and a critical comparison with metallic options are 

presented by Wu et al [331]; from their analysis carbon is shown to be the most 

popular choice for counter electrode coatings featuring in 23% of DSSC articles 

and 47% of patents as of 2017. The new allotrope, graphene, may present further 

opportunities due to its excellent electrical properties but is currently limited by its 

high production cost.  

 In order to make this alternative counter electrode, an FTO glass substrate (with 

a prior drilled small aperture to allow the injection of liquid electrolyte) was coated 

with graphite/carbon paste (Elcocarb B/SP from Solaronix) by a doctor blading 

method. This paste contains 1-20 µm graphite particles and carbon black 

nanoparticles, like the 18NR-T, in a viscous gel of organic binders that on heating 

forms an opaque black, conductive and mesoporous layer. Through covering the 

rest of the 2 cm x 2 cm FTO substrate with tape, a 1 cm2 square of carbon paste 

was deposited via doctor blading, then removing the tape and annealing at 200°C 

in a furnace oven for 30 minutes.   

 Furthermore, the rare earth compounds used to dope these types of devices 

were also different, having been prior synthesised by the IICT group. The two 

materials of focus were Y2O3: Yb3+, Tm3+, Ho3+ and Y2O3: Yb3+, Ho3+, known 

respectively as Y and C. Chemically identical compounds have demonstrated 

photoluminescence in the form of UC emission at visible wavelengths 550 nm for 

the co-doped Y2O3 and 550 nm along with 475 nm for the tri-doped Y2O3 at NIR 

980 nm excitation [335, 336]. Furthermore Huang et al have listed transitions in 

the Ho3+ and Tm3+ ions with strong intensity that would produce 450-675 nm 

emission through DC of high energy photons; 1G4  3H6 or 3F4 in Tm3+ would 

result in the emission of a 475 or 650 nm photon and 5S2 or 5F4  5I8 in Ho3+ 

causes a 540 nm photon to be emitted [75].  

 Physically, they were both whitish powders and like the previously used 

compounds, the two new luminescent materials had to be prepared into a gel or 

solution, so that a thin film that could be applied to the working electrodes of a 
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DSSC; as with prior work, the materials were to be incorporated within the 

mesoporous TiO2 layer. This was achieved by taking 10 mg of Y and C in 

separate vials and adding 100 μl of deionised water to each and subjecting to 

ultra-sonication for 5 minutes. Next, 2.5 ml of ethanol was added to the resulting 

mixtures and they were sonicated for a further 5 minutes. Then, 100 μl of 

concentrated hydrochloric acid was pipetted dropwise and ultra-sonication 

undertook for another 5 minutes, before finally adding a further 2.5 ml of ethanol 

and sonicating for 20 minutes, until the solution was homogenous and clearer in 

colour. It had been initially suggested to add this solution to the base of the 

working electrode, so it would sit entirely below the TiO2 layer an act as a 

transparent blocking layer, although early tests from spin coating the solution on 

a glass substrate and drying in a furnace at 150°C, did not produce a quality film, 

despite displaying a high transparency. Therefore, it was decided to disperse 

them evenly within the mesoporous layer as per earlier Figure 131 (a). 

 Next, to combine this mixture with the TiO2 paste, 100 mg of 18NR-T (the same 

material from the same supplier that had been used for the rest of this chapter’s 

devices) was placed in an agate mortar and 1200 μl of the Y or C solution was 

added in batches and mixed thoroughly with the pestle for 20 minutes. During this 

process a change in colour from orange to blue was observed and it was 

calculated that the rare earth compound content of the TiO2 anode would be 2.3% 

w/w. The resulting rare earth compound-TiO2 composite was to be doctor bladed, 

as opposed to screen printed as per previous samples. It was doctor bladed in 

an identical technique to how the carbon counter electrodes were made to 

produce a coating but with a slightly smaller square area of 0.81 cm2. This was 

then annealed up to 500°C for 30 minutes in the furnace oven and cooled over a 

period of 90 minutes.  

 In an analogous procedure as before, the working electrodes were then soaked 

in the pre-prepared LG5 porphyrin dye for 24 hours. After removing from the dye 

and drying, Surlyn spacer was cut to size and placed around the boundaries of 

the active area. Finally, the triiodide liquid electrolyte (of same composition as 

used previously in 5.3) was injected into the device and the hole was sealed. 

Once fabricated, devices were tested under the group’s solar simulator (Newport, 

94043A), a different model but one that had still been calibrated to AM 1.5 G 

conditions by an NREL reference cell. Naturally, a control device with no Y or C 
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in the TiO2 layer was fabricated for the purpose of comparison. Unfortunately, the 

first batch of devices performed poorly which was attributed to the presence of 

hydrochloric acid increasing recombination pathways, so fresh ones were made 

that added TBP in 0.5 M concentration to the electrolyte, in order to mitigate this 

effect. The results for these devices are shown in Figures 146 and 147 and 

Tables 70 and 71, along with a real image of this type of DSSC in Figure 148.  

 It can be seen that the Y containing devices performed better than the control, 

exhibiting relative increases in PCE and JSC of 10.3% and 8.5% respectively, 

whereas the C containing DSSCs recorded slightly weaker PCE and JSC values 

(relative decreases of 5.3% and 6.8% respectively, compared to the control). The 

parameter enhancements through the addition of Y could be attributed to the 

additional current generated by the UC of NIR photons and DC of UV photons. 

The presence of three rare earth ions in Y as opposed to just two in C could 

explain the superior performance of the former, since it leads to more possible 

transitions for spectral conversion processes and hence Y could absorb a wider 

part of the spectrum. Moreover, the Yb3+ ion could potentially sensitise both the 

Ho3+ and Tm3+ ions to make their emission more effective. Also, of note, the VOC 

for both rare earth compound doped DSSCs was higher (implying a higher Fermi 

level), while FF was lowered with respect to the un-doped DSSC.  

 Finally, and a unique focus of this subsection, the PCE was recorded for the 

classes of device at several intervals over a 90-day exposure to ambient air and 

sunlight. Here the effect of the rare earth doping became more apparent as after 

90 days, the Y doped device remarkably retained 40% of its original PCE 

compared to just 5% for the control device over the same period. C also kept 18% 

of its initial PCE over the course of the observations. It can therefore be 

concluded that the presence of the rare earth compound significantly increases 

the stability of the device PCE over time by spectral conversion of the incident 

UV radiation, which slows the degradation of the dye.  

Device type η (%) JSC (mA/cm2) Δη (%) Δ JSC (%) 

Control (TiO2 only) 8.90 17.49 - - 

C-TiO2 8.43 16.31 -5.28 -6.75 

Y-TiO2 9.82 18.97 +10.34 +8.46 

Table 70: PCE and JSC data for control and rare earth doped porphyrin-carbon counter 
electrode DSSCs under 1 sun.  
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Device type VOC (mV) FF  ΔVOC (%) Δ FF (%) 

Control (TiO2 only) 752 0.677 - - 

C-TiO2 773 0.669 +2.79 -1.18 

Y-TiO2 791 0.655 +5.19 -3.25 

Table 71: VOC and FF data for control and rare earth doped porphyrin-carbon counter 
electrode DSSCs under 1 sun. 

 

 

Figure 146: J-V curves for the rare earth doped porphyrin-carbon counter electrode 
DSSCs under 1 sun. 

 

Figure 147: Normalized efficiency (as a fraction of the initial PCE) for the control and 
rare earth doped porphyrin-carbon counter electrode DSSCs under 1 sun. 
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Figure 148: Real life image of porphyrin-carbon counter electrode DSSC. 

 

5.8 Conclusion 

 In this chapter, DSSCs were successfully fabricated and shown to demonstrate 

enhanced PCE from the addition of Sr4Al14O25: Eu2+, Dy3+ and NaYF4: Er3+, Yb3+. 

The spin coated devices performed much poorer than the screen printed devices 

which was expected in hindsight due to their thinner TiO2 layer and non-uniform 

dispersal of rare earth compound (although PCE did increase modestly from 

0.16% to 0.21% for the 0.5% w/w NaYF4: Er3+, Yb3+ doped spin coated electrode). 

For the screen printed devices, the best performances were recorded for the 

smaller drop cast quantities of the TiO2-rare earth mixtures and rare earth paste 

doctor bladed counter electrodes (a novel way of incorporating the layer). 50 μl 

drop cast NaYF4: Er3+, Yb3+ achieved the best DSSC PCE of 5.30% whereas for 

the Sr4Al14O25: Eu2+, Dy3+ devices, the doped counter electrode displayed the 

highest PCE of 4.32% (although further study on the charge dynamics of this 

approach is recommended). Moreover, EQE measurements were inconclusive 

as to the cause of the enhanced PCE, as unlike for silicon devices, there were no 

increases in the EQE in the expected regions of the spectrum. On the contrary, 

EQE was improved across visible wavelengths for both rare earth compounds, 

indicating scattering might be the dominant effect. The bottom doped Sr4Al14O25: 

Eu2+, Dy3+ SEH concentrators were also able to increase Pmax (by up to 36.3% at 

1 sun) but not by as much as for silicon LCPV, owing to their exit aperture being 

too large. Finally, through a collaborative study, porphyrin dye-carbon electrode 

based DSSCs with added Y2O3: Yb3+, Tm3+, Ho3+ achieved a PCE of 9.82% 

(compared to 8.90% for the control) and exhibited greatly enhanced stability (8 

times more PCE than the control after 90 days exposure) from less UV entering 

the system due to the spectral conversion of high energy photons.  
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Chapter 6. Financial, Statistical and Optical 
Models 

 
6.1 Introduction  

 Having gathered a large amount of empirical data, it was necessary to theorise 

the potential impact, statistical confidence and physical processes related to the 

experiments. Therefore, this chapter concerns calculations and models arising 

for these three aspects of this work. Firstly, using the information from how much 

was paid for the materials, a basic cost analysis was conducted, which yielded 

the cost per watt of the devices tested in chapters 3, 4 and 5. Secondly, t and z 

statistics were used to test the hypothesis that the true mean of the PCE of rare 

earth compound containing silicon PV and LCPV devices was higher than that of 

the control group. This was done using two standard deviations (one based on 

the observed PCE fluctuations within an identically produced sample and one 

based on a semi-empirical propagated standard error). Then finally, two optical 

models were used to predict the JSC enhancements for the different 

configurations of silicon-based devices in chapter 3 and 4. The first of these (for 

the non-concentrating silicon PV cells) had been developed by another group, 

and the second of which, for the LCPV cells, was built from first principles with 

the help of 2D ray tracing in MATLAB.  

6.2 Cost Analysis 

 Cost per Wp is an important parameter in solar cell research for increasing PV 

deployment and its minimisation is a higher priority in practice than the attractive 

headline PCE values. Therefore, it was deemed necessary and of interest to 

compare the cost per Wp of the devices at different rare earth doping levels, in 

order to see if the increased electrical power output came at an additional cost or 

not. By using the information available from prices paid to the suppliers for each 

of the materials, the fabrication cost of each PV and LCPV device studied in 

chapters 3, 4 and 5 could be calculated component-wise. Prices are given in US$ 

and converted from GBP at the May 2018 exchange rate of £1 = $1.38. Similarly, 

Greatcell which supplies many materials used for DSSCs are based in Australia, 

so costs are converted at the rate of AU$1 = US$0.70.   
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6.2.1 Silicon PV and LCPV devices 

 Firstly, the silicon PV and LCPV devices in chapter 3 and 4 are considered which 

consist of the following materials whose costs are given in Table 72. In addition, 

the high-performance silicon solar cells provided by NAREC cost $1.38 each.  

Material Unit Cost ($) Unit Mass (g) Cost per gram ($) Supplier 

Sr4Al14O25: Eu2+, Dy3+ 76.50 25 3.06 Sigma-
Aldrich 

NaYF4: Er3+, Yb3+ 164.00 25 6.56 Sigma-
Aldrich 

Crystal Clear 200 366.76 6900 0.053 Benam 

Sylgard 184 276.00 1100 0.25 Univar 

Table 72: Costs of the materials required for fabrication of the silicon PV and LCPV 
devices. 

 If only the material costs are considered (no labour, machinery etc.), no wastage 

occurs and the cost of other minor components (acrylic base, glue, solder, flux 

remover, metal contacts and mould remover) are assumed to be negligible, then 

the fabrication costs of the coated PV cells or LCPV devices can be calculated. 

Since the amount of Sylgard used per device was approximately 0.5g and each 

SEH concentrator weighed 4g, the fabrication costs of the un-doped control PV 

and LCPV devices are $1.51 and $1.72 respectively. Similarly, by adding the cost 

of the relevant amount of rare earth compound used, the fabrication costs of all 

doping level devices can be derived individually. Then finally, dividing these 

values by the maximum power outputs observed under characterisation at 1 sun 

illumination gives the cost per Wp; these are all presented for each device type in 

Tables 73-76.  

Sr4Al14O25: Eu2+, Dy3+ 
doping level (w/w %) 

Max Power 
Output (W) 

Device Cost 
($) 

Cost per Wp ($/W) 

0 (no doping) 0.0160 1.505 94.20 

0.25 0.0162 1.509 92.92 

0.5 0.0163 1.513 92.75 

1.0 0.0162 1.52 93.64 

2.0 0.0161 1.536 95.58 

Table 73: Cost analysis for the Sr4Al14O25: Eu2+, Dy3+ doped coated PV devices. 

NaYF4: Er3+, Yb3+ doping 
level (w/w %) 

Max Power 
Output (W) 

Device  
Cost ($) 

Cost per Wp ($/W) 

0 (no doping) 0.0160 1.505 94.20 

0.25 0.0161 1.513 93.98 

0.5 0.0162 1.521 94.00 

1.0 0.0167 1.538 91.84 

2.0 0.0165 1.571 95.36 

Table 74: Cost analysis for the NaYF4: Er3+, Yb3+ doped coated PV devices. 
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Sr4Al14O25: Eu2+, Dy3+ 
doping level (w/w %) 

Max Power 
Output (W) 

Device Cost 
($) 

Cost per Wp ($/W) 

0 (no doping) 0.0332 1.720 51.81 

0.25 (optical coupling) 0.0346 1.724 49.78 

0.5 (optical coupling) 0.0346 1.728 50.00 

1.0 (optical coupling) 0.0331 1.735 52.36 

2.0 (optical coupling) 0.0332 1.751 52.80 

0.1 (throughout conc.) 0.0324 1.732 53.47 

0.1 (top of concentrator) 0.0350 1.722 49.15 

0.1 (base of concentrator) 0.0349 1.722 49.31 

Table 75: Cost analysis for the Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices. 

NaYF4: Er3+, Yb3+ doping 
level (w/w %) 

Max Power 
Output (W) 

Device Cost 
($) 

Cost per Wp ($/W) 

0 (no doping) 0.0332 1.720 51.81 

0.25 (optical coupling) 0.0354 1.728 48.85 

0.5 (optical coupling) 0.0354 1.736 48.98 

1.0 (optical coupling) 0.0368 1.753 47.59 

2.0 (optical coupling) 0.0349 1.786 51.17 

0.1 (throughout conc.) 0.0337 1.746 51.78 

0.1 (top of concentrator) 0.0334 1.725 51.68 

0.1 (base of concentrator) 0.0324 1.725 53.27 

Table 76: Cost analysis for the NaYF4: Er3+, Yb3+ doped LCPV devices. 

 It can be clearly seen from the data that the cost per Wp falls for both the PV and 

LCPV silicon-based devices in nearly all cases compared to the un-doped 

controls, sans the 2% doped PV coatings for both materials. The greatest 

reductions in cost per Wp are achieved for NaYF4: Er3+, Yb3+ despite it being the 

more expensive of the two rare earth doped compounds; NaYF4: Er3+, Yb3+ 

reaches a minimum of $91.84 for PV cells and $47.59 LCPV devices, 

corresponding to a 2.5% and 8.1% fall through the addition of this material. 

Sr4Al14O25: Eu2+, Dy3+ on the other hand, only attains maximum cost per Wp 

reductions of 1.5% for coated PV cells and 4.8% in LCPV devices, though this is 

still respectable. It is also of note that the LCPV registered lower cost per Wp in 

general, regardless of the effect of rare earth compounds. By comparing the un-

doped Sylgard coated PV cell and un-doped LCPV device, it is seen the mere 

addition of an SEH concentrator cuts the cost per Wp approximately in half. This 

supports the idea that an advantage of LCPV is lower costs due to less area of 

cell being required to generate the same power output because of the higher 

incident light intensity.  

 In their 2016 review, Yang et al [337] present the costs of the typical latest BIPV 

modules which range from $4.1-$24.5/Wp. These values are higher than 

conventional PV costs and the devices fabricated in this work are higher still. 
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However, from being fabricated only at the laboratory scale, the costs of rare 

earth doped LCPV modules are not too far off the upper limit of $24.5 and 

significant further reductions would be expected to be possible, following larger 

production quantities due to economies of scale.  

6.2.2 DSSC devices 

 A second cost analysis is then carried out for the screen printed DSSCs using 

the same approach as 6.2.1 and based on the material costs per unit given in 

Table 77.  

Material Unit Cost ($) Unit size Cost per unit ($) Supplier 

FTO glass sheet 67.60 225 
electrodes 

0.21 Pilkington 

Pt counter electrode 70.00 28 
electrodes 

2.50 Greatcell 

18NR-T paste 52.01 10g 5.20 Greatcell 

18NR-AO paste 77.99 10g 7.80 Greatcell 

I3/I- electrolyte 338.10 50ml 6.76 Sigma-Aldrich 

N719 dye powder 412.62 1g 412.62 Ossila 

High purity ethanol 57.96 1000ml 0.06 Sigma-Aldrich 

Ethyl cellulose 62.61 250g 0.25 Sigma-Aldrich 

α-terpineol 54.01 50ml 1.08 Sigma-Aldrich 

Elcocarb B/SP paste 360.74 20g 18.04 Solaronix 

TBP 112.62 25g 4.50 Sigma-Aldrich 

Table 77: Costs of the materials required for fabrication of the silicon PV and LCPV 
devices. 

  The dye solution, synthesised at 12 mg of powder per 100 ml of ethanol, has a 

high initial outlay of $10.77 per 100 ml. However, this can be re-used, theoretically 

infinite times (or in practice to produce tens of batches of devices, at ten or more 

to a batch), provided it is kept airtight and in foil, to prevent solvent evaporation 

and degradation by light. Therefore, this aspect of the cost per device shall be 

approximated to zero. Considering the rest of its constituent components and 

neglecting the spacer, a control DSSC contains 1 piece of FTO glass (the 

substrate for its working electrode), 1 Pt counter electrode, 30 μl of electrolyte, 2 

layers of 18NR-T and 1 layer of 18NR-AO. If each screen printed layer is 

assumed to require 0.05 g of the paste to produce then a device cost of $3.82 is 

derived for the control cell.  

 The costs of the rare earth compounds from the previous section can then be 

used to calculate the costs of the doped cells. However, it is not as straightforward 

a calculation this time as they are not simply added alone, but as part of a 

synthesised gel or solution. Nevertheless, the components of these substances’ 
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cost and mass are known from the fabrication procedure in 5.4, so calculations 

can be performed to yield the desired information. By assuming half the ethanol 

had evaporated during the grinding, it was found the rare earth compound pastes 

cost $1.21/g and $2.03/g for Sr4Al14O25: Eu2+, Dy3+ and NaYF4: Er3+, Yb3+ 

respectively. On the other hand, when mixed in a 1:1 weight ratio with 1 part 

18NR-AO in 3 parts ethanol for the rare earth-TiO2 mixture drop casted or spin 

coated layers, the cost per gram of solution was $1.61 for Sr4Al14O25: Eu2+, Dy3+ 

and $2.15 for NaYF4: Er3+, Yb3+. Each doctor bladed layer was assumed to use 

0.05 g of substance and the spin coated or drop coated solution’s mass was 

calculated from its volume by assuming the same density as water (since the 

presence of pastes would raise it above the 0.79 g/cm3 of ethanol).  

 The costs per watt peak for each doping configuration (as obtained from their 

PCE data for 1 sun illumination) could then be calculated and are shown in Tables 

78 and 79. The procedures for the rare earth mixtures and lower masses applied 

meant all modified DSSCs, except the doctor bladed counter electrode, were 

actually cheaper to produce than the control device, meaning cost per watt was 

nearly always lower. Again, as with silicon the best performing device (50 μl drop 

casted NaYF4: Er3+, Yb3+-TiO2 mixture) had the lowest cost per watt at $2390/Wp 

versus $3950/Wp for the control (a 39.6% decrease). The most cost effective 

Sr4Al14O25: Eu2+, Dy3+ containing device also lowered its cost of power to 

$3030/Wp (a 23.2% drop), although this was actually the sample with the 2nd 

highest power output (25 μl drop casted Sr4Al14O25: Eu2+, Dy3+-TiO2 mixture) as 

opposed to the one with a higher PCE and fabrication cost (doctor bladed counter 

electrode).  

 It was also of interest to consider the cost-benefit of the addition of concentrators 

to DSSCs, the costs of which are known from 6.2.1, so the device cost of an SEH-

DSSC pair can easily be derived. These are shown in Table 80 for the data 

obtained under 1 sun irradiance. The analysis showed a reduction in cost of up 

to 22.4% through the addition of a 0.1% w/w base doped Sr4Al14O25: Eu2+, Dy3+ 

concentrator. The reduction for the rare earth doped DSSC was not as large (-

16.2%) but a reduction none the less, so the addition of SEH concentrators is a 

viable option to further bring down cost per watt.  
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Device categories for Sr4Al14O25: 
Eu2+, Dy3+ doped DSSCs 

Max Power 
Output (mW) 

Device Cost 
($) 

Cost per Wp  
($/W) 

Control  0.968 3.823 3949 

Doctor bladed (not in TiO2) 0.901 3.494 3878 

Spin coated TiO2 mixture  1.005 3.594 3577 

Drop cast TiO2 mixture (25 μl) 1.145 3.473 3034 

Drop cast TiO2 mixture (50 μl) 1.065 3.513 3298 

Drop cast TiO2 mixture (100 μl) 0.981 3.594 3665 

Drop cast TiO2 mixture (200 μl) 0.782 3.755 4803 

Doctor bladed counter electrode 1.210 3.884 3210 

Table 78: Cost analysis for the Sr4Al14O25: Eu2+, Dy3+ doped screen printed DSSC 
devices. 

Device categories for NaYF4: Er3+, 
Yb3+ doped DSSCs 

Max Power 
Output (mW) 

Device Cost 
($) 

Cost per Wp  
($/W) 

Control  0.968 3.823 3949 

Doctor bladed (not in TiO2) 0.600 3.535 5894 

Spin coated TiO2 mixture  1.036 3.648 3520 

Drop cast TiO2 mixture (25 μl) 1.205 3.487 2894 

Drop cast TiO2 mixture (50 μl) 1.485 3.541 2385 

Drop cast TiO2 mixture (100 μl) 0.783 3.648 4656 

Drop cast TiO2 mixture (200 μl) 0.804 3.863 4805 

Doctor bladed counter electrode 1.408 3.925 2787 

Table 79: Cost analysis for the NaYF4: Er3+, Yb3+ doped screen printed DSSC devices. 

Device categories for DSSCs with 
concentrators 

Max Power 
Output (mW) 

Device Cost 
($) 

Cost per Wp  
($/W) 

Control DSSC (no concentrator) 0.968 3.823 3949 

Control (plain concentrator) 1.267 4.038 3187 

Control (top doped concentrator) 1.223 4.040 3303 

Control (base doped concentrator) 1.319 4.040 3063 

Doped DSSC (no concentrator) 0.981 3.594 3665 

Doped (plain concentrator) 1.172 3.809 3250 

Doped (top doped concentrator) 1.126 3.811 3385 

Doped (base doped concentrator) 1.240 3.811 3073 

Table 80: Cost analysis for the control and rare earth doped screen printed DSSC 
devices with SEH concentrators. 

  The costs in this subsection do seem nonsensically high, but results from the 

cells being produced at a very small scale with specialised externally produced 

components such as the Pt electrodes, and would drastically fall with larger 

production scales; Calogero et al have shown at a bigger scale N719-TiO2 based 

DSSCs can be produced for as little as $2.8/Wp [338]. If the same percentage 

decrements could be applied to this value through the addition of rare earth 

materials, then this approach is indeed a worthy endeavour.  

 Finally, the costs may also come down from replacing the Pt with carbon at the 

counter electrode and N719 dye with porphyrin. A full cost analysis for all the 

porphyrin dye-based electrodes is unavailable as the material costs for the rare 

earth doped Y2O3 and porphyrin solution are unknown. However, if the cost of 
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the dye is assumed to negligible like N719 because of multiple soaking cycles, 

then the control device without any added rare earth compound can have its cost 

per watt found since the Elcocarb BS/P paste and TBP are known costs. Like 

before, 0.05 g of 18NR-T is assumed for the working electrode, and 0.05 g of 

Elcocarb BS/P paste for the counter electrode. The remaining components are 

two FTO glass substrates and 30 μl of electrolyte as before but this time with 0.5 

M TBP added (which only has a mass of 1.9 mg so just adds < $0.01 to the cost). 

Collating this information leads to a derived DSSC fabrication cost of $1.81, which 

with a higher power output of 7.21 mW causes the cost per watt peak to reduce 

drastically to $251/Wp (~10 times lower than the best N719 dye-Pt counter 

electrode devices).  

6.2.3 Commercialisation Opportunities 

 Having studied the cells at the 1-100 mW scale, it is finally necessary to predict 

how much power they could theoretically produce over a larger area. In prototype 

LCPV module blocks that use SEH concentrators of the same dimensions in this 

work, 18 silicon cells and optics are contained in a 17.6 cm x 17.6 cm semi-

transparent block of area 0.031 m2 (shown in Figure 149). Using this information, 

a hypothetical large system can have its peak power output estimated, firstly by 

finding the power output per m2, which would be 19.3 W/m2 for the un-doped 

control modules and 21.4 W/m2 for the best performing rare earth containing 

devices (1% NaYF4: Er3+, Yb3+ doped optical coupling). This is another advantage 

of PCE enhancement because a higher power per unit area is a useful quantity 

to have for BIPV systems. 

 

Figure 149: Real image of an LCPV module with 18 silicon solar cells attached to 18 
SEH concentrators. This prototype has potential for BIPV.    
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 Then to envisage the effects of these modules at a commercial scale, consider 

a typical cuboidal tower with a height of 100 m and width of 15 m that could 

potentially have 1500 m2 of glass cladding on its south face. Replacing this 

entirely with BIPV modules of the types studied here would lead to a maximum 

generation potential of 29.0 kWp at a tentative cost of $1.50 million if the un-doped 

LCPV were used and 32.1 kWp at a cost of $1.53 million if the optimal rare earth 

doped devices were deployed, with both scenarios considering the basic 

materials alone. To compare these figures with conventional PV, as of 2019 in 

the UK, commercial non-concentrating mono-crystalline solar PV panels at 

single-building use scale typically cost around $0.85/Wp while generating 185 

W/m2 [339], so the same area system (again from a material only perspective) 

would provide 277 kWp output at a cost of $236,000. Thus, on the surface, window 

based BIPV, like the modules studied here, seems a much more expensive and 

less desirable option. It is also likely a building of that size would require a larger 

peak electricity demand than ~30 kW, so this type of BIPV would only claim to be 

able to supplement a building’s energy requirements at peak generation times as 

opposed to allowing it to run off-grid. Furthermore, due to both systems having a 

pitch of 90° relative to the celestial zenith, they would rarely generate at their peak 

power derived from AM 1.5 G conditions. Although, as a trade-off they would 

enjoy reasonably high power production in the morning and evening hours when 

the sun is lower in the sky.  

 Nevertheless, the added benefits of optical semi-transparency and insulation, to 

respectively reduce heating and lighting costs, could be extra advantageous 

factors for the LCPV modules. In addition, the conventional PV panels have a 

weight of 11.7 kg/m2 whereas the semi-transparent modules would likely be less 

than this, so would cause less structural issues for the tower that become more 

important the taller a building becomes. Also, and clearly, for a project of this 

scale the production cost would come down significantly if the LCPV modules 

were being produced in such large quantities. Specific aspects to consider would 

be: identifying processes that can be automated (e.g. 3D printing the 

concentrators), the polymer to be used (in terms of cost and environmental 

impact), increasing the geometrical concentration ratio while maintaining high 

optical efficiency across wide angles of incidence (so that the more power can be 
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obtained from the cells), market research to find the most socially acceptable 

designs and adherence to building regulations in the given polity. 

  Scaling up (or upscaling) production of processes for PV material fabrication is 

an important area of research, particularly for emerging technologies like DSSCs 

and PSCs with BIPV applications [340]. It is likely they would ultimately take 

different geometries to the small screen printed squares in these test devices and 

DSSCs of the liquid electrolyte form are limited in commercial uses because of 

their stability issues. However, if it assumed that this latter problem can be solved 

in the coming years, while maintaining a similar device PCE, then it is a 

worthwhile exercise to speculate how much power they could generate at a larger 

scale.  

 Going by the data from chapter 5, the control DSSCs (N719 dye-Pt counter 

electrode) would have a peak power output of 2.42 W/m2 in the design of 0.28 

cm2 active area on 2 cm2 substrates, whereas the best performing rare earth 

containing DSSCs would yield 3.71 W/m2. Alternatively, the control porphyrin-

carbon electrode DSSCs could yield 18.8 W/m2 (from its higher PCE and active 

area) and the Y doped version would yield 19.9 W/m2 (more than the un-doped 

silicon LCPV module). The peak power output of the earlier described building’s 

south facade coated instead with on-glass DSSCs would be 3.63 kWp, 5.57 kWp, 

28.2 kWp and 29.9 kWp for the devices in ascending power output (summarised 

in Table 81). Notwithstanding their lower power, the two N719-Pt counter 

electrode devices would be more transparent as they do not contain a jet-black 

counter electrode and have less area of the substrate coated with photoactive 

materials. Although at the scale of this work’s production, the costs of these areas 

of cells would be astronomical at $14.3 million and $13.3 million for the un-doped 

and optimally doped DSSCs respectively. The porphyrin control devices would 

still be very costly too at a grand total of $7.08 million.  

 Again, and obviously, moving beyond the laboratory scale would drastically bring 

down these costs. There would be lots of considerations for aspiring 

manufacturers including how large an area of the substrate to actually coat, the 

best electrode coating process, the temperatures needed to be attained and 

energy for machinery required, minimisation of waste (particularly TiO2 pastes), 

which processes can be automated, recyclable parts to enable a circular 

economic process and sourcing as many components in the lab internally 
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(although this can require more skilled chemists’ labour). To give one example, 

Pt could be thermally deposited within a production line, in situ by the cell 

manufacturer, at a much lower cost than buying from an external supplier (which 

was the majority of the cost for this thesis’ devices). Furthermore, inkjet printing 

of a concentrated dye solution has been proposed as a method to speed up the 

manufacturing process and reduce material wastage by removing the need for a 

lengthy soaking of the electrode in the dye [341]. 

 Finally, LCPV may offer exciting opportunities for DSSC in BIPV, as the cells can 

be made in a range of colours and spatial arrays, to produce more power from 

less active area of cell which in turn brings down costs. If a concentrator-DSSC 

system was specifically designed to achieve a light concentration of >5 suns on 

a cell, then cost per watt would fall substantially since the concentrator fabrication 

cost is <10% that of the cell. Perhaps even higher light intensities are possible 

and studying the behaviour of cells at higher temperatures will help set practical 

limitations of this approach [332]. Moreover, if the costs of a carbon-porphyrin 

device can fall by a factor of 100 upon scaling from mW to W production (like the 

N719-Pt devices studied by [338]) while maintaining stability, then combined with 

concentrators, DSSCs would become a very attractive option for BIPV.  

Device category Power per area (W/m2) Cost per area ($/m2) 

Silicon LCPV module (plain) 19.3 1000 

Silicon LCPV module (doped) 21.4 1020 

Standard mono-c-Si PV module 185 157 

N719-Pt DSSC module (plain) 2.42 9560 

N719-Pt DSSC module (doped) 3.71 8850 

Porphyrin-carbon module (plain) 18.8 4720 

Porphyrin-carbon module (doped) 19.9 N/A 

Table 81: Power and cost per area of different BIPV technologies presented in this 
work compared with that of a commercial standard mono-c-Si PV module. 

6.3 Sensitivity Analysis 

 When undertaking experimental investigations, it is essential to include an 

analysis that considers the sources of error. Errors can be statistical or 

systematic, meaning they occur either due to random fluctuations (e.g. in the 

accuracy of measuring equipment) which will vary (usually about a normal 

distribution) with each repetition of an experiment or by a fault with the equipment 

or flawed methodology that will apply a consistent offset or multiplying factor to 

the observed data [342]. Systematic errors are difficult to detect and quantify, and 

because the equipment had been calibrated to a high level and experiments were 
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based on established procedures, they are hereby neglected in this analysis. 

Thus, a statistical approach is taken, from two different aspects, to quantitatively 

analyse the uncertainty for the silicon PV and LCPV device PCE measurements 

and yield levels of confidence in the overall results.  

6.3.1 Pure Statistical Analysis of Results 

 First, a basic statistical analysis of the PCE results obtained in 3.7.3 and 4.4 was 

conducted to determine the level of significance of the findings and justify their 

validity (i.e. that the observed performance enhancements were genuine and not 

a statistical fluke). PCE is chosen to be analysed here over JSC, since it is the 

measured parameter of most importance in this work. As a starting step in this 

approach, rather than taking the maximum PCE value of the three devices, the 

sample mean, x̄, and sample standard deviation, s, were calculated using the 

formulae below for each batch of three identical PV or LCPV devices (where xi 

corresponds to an individual PCE measurement and n the sample size, equal to 

3).  

�̅� =  
1

𝑛
∑ 𝑥𝑖

𝑛

𝑖=1

 

          (37) 

𝑠 =  √
1

𝑛
∑(𝑥𝑖 − �̅�)

𝑛

𝑖=1

 

(38) 

 Once these values had been calculated for each configuration of cells, it was 

required to use a statistical test that can compare two sample means of unknown 

population standard deviation (σ) and different sample standard deviation, to 

determine the difference in their population or true means (μ). The term 

population here refers to a hypothetical infinitely sized batch of PV or LCPV 

devices of the given design speciation that follow a normal distribution of PCE 

about μ and standard deviation σ. To say with confidence that the true mean PCE 

of one type of device with added rare earth ions (μ1) is greater than that of the 

control cells without any such addition (μ2), the Welch t-test was conducted [343]. 

This test is useful for comparing two means from small sample sizes of unknown 

population standard deviation and gives a probability (p-value) as its output from 
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two parameters, the t-value (t) and number of degrees of freedom (DF), which 

can in turn be calculated from the x̄, s and n of two samples.  The resulting p-

value can then be ultimately used to test the null hypothesis (H0) in a one-sided 

test that the true population mean of the PCE of a class of rare earth compound 

doped PV or LCPV devices (μ1) was greater than the true population mean of the 

control (μ2), to a given level of confidence, against the alternate hypothesis (Ha) 

that μ1 ≤ μ2 (i.e. the control device is just as efficient). Typically, throughout 

science, this level can be 95% or 99%. Alternatively, significance levels are given 

by 100% minus the confidence level, so for 95% and 99% the corresponding 

significance levels would be 5% and 1%. 

𝐻0: 𝜇1 > 𝜇2 

     𝐻𝐴: 𝜇1 ≤ 𝜇2 (39) 

 In this test, the t-values are calculated using the formula below with n1 and n2 

always equal to 3, x̄2 and s2 always remaining that of the control device and x̄1 

and s1 changing to the values of the PV or LCPV cell it is being compared with.   

𝑡 =
𝑥1̅̅̅̅ −𝑥2̅̅̅̅

√
𝑠1

2

𝑛1
+

𝑠2
2

𝑛2

    (40) 

 Translating a t-value into a probability then requires knowledge of the number of 

degrees of freedom, DF, which can be estimated by the Welch-Satterthwaite 

equation given below [344]. DF is always greater than the larger of n1 – 1 and n2 

– 1 and less than n1 + n2 – 2 (so in this case 2 < DF < 4). Traditionally DF is 

rounded down to the nearest integer but in computational calculations this is 

unnecessary [345].  
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   (41) 

 Then an online calculator [346] was used to perform a one-sided test and derive 

a p-value (the probability, P (T ≤ t)) from the t-value and DF calculated for each 

comparison. If the p-value was less than the critical level of 0.05 and 0.01 (for 5% 

and 1% significance), then we accept the null hypothesis that the true mean PCE 

of the group of PV or LCPV devices containing rare earth ions is greater than that 
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of the control cell to that level of significance. Alternatively, if the p-value is greater 

than 0.05 or 0.01, the alternative hypothesis must be accepted, and it cannot be 

said with statistical confidence of 99% or 95% that the device has a higher PCE 

than the control. Another useful way of interpreting the p-value is that it is the 

probability of rejecting the null hypothesis. Given this fact, the calculated p-value 

subtracted from one will be equal to the probability that the null hypothesis is true 

(i.e. P (μ > μcontrol)). The results from the Welch’s t-test are shown for all 

configurations of doped silicon PV and LCPV cells in Tables 82-97. If a 

significance of 5% is attained, the final cell in that row is coloured light green and 

dark green for a significance of 1%. For some devices, the p-value was <0.001, 

in which case P (μ > μcontrol) is >0.999.  

Doped optical coupling (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 9.102 0.247 - - - 

0.25 9.000 0.513 -0.312 2.884 0.388 

0.5 9.434 0.397 1.226 3.349 0.850 

1.0 9.141 0.089 0.257 2.508 0.592 

2.0 9.137 0.180 0.196 3.656 0.571 

Doped concentrator (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.1 (Homogenous) 8.774 0.304 -1.449 3.842 0.112 

0.1 (Top) 9.808 0.104 4.555 2.681 0.988 

0.1 (Bottom) 9.723 0.164 3.624 3.470 0.966 

Table 82: Results of t-test for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 1 sun. 

Doped optical coupling (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 8.370 0.154 - - - 

0.25 8.819 0.509 0.289 2.362 0.602 

0.5 9.235 0.381 2.128 2.634 0.932 

1.0 8.881 0.078 1.521 2.961 0.887 

2.0 8.895 0.238 1.010 3.418 0.811 

Doped concentrator (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.1 (Homogenous) 8.515 0.254 -1.255 3.293 0.146 

0.1 (Top) 9.892 0.134 9.863 3.928 >0.999 

0.1 (Bottom) 9.624 0.215 5.863 3.623 0.997 

Table 83: Results of t-test for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 0.8 suns. 

Doped optical coupling (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 8.703 0.157 - - - 

0.25 8.662 0.567 -0.119 2.305 0.457 

0.5 9.123 0.403 1.683 2.594 0.897 

1.0 8.751 0.087 0.461 3.120 0.662 

2.0 8.711 0.270 0.043 3.218 0.516 

Doped concentrator (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.1 (Homogenous) 8.462 0.270 -1.337 3.214 0.134 

0.1 (Top) 9.787 0.123 9.422 3.778 >0.999 

0.1 (Bottom) 9.143 0.254 3.778 3.336 0.962 

Table 84: Results of t-test for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 0.6 suns. 
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Doped optical coupling (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 8.295 0.170 - - - 

0.25 8.158 0.549 -0.412 2.381 0.357 

0.5 8.597 0.466 1.053 2.523 0.809 

1.0 8.312 0.117 0.140 3.541 0.552 

2.0 8.278 0.180 -0.116 3.987 0.457 

Doped concentrator (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.1 (Homogenous) 8.040 0.257 -1.433 3.472 0.118 

0.1 (Top) 9.537 0.071 11.661 2.677 0.999 

0.1 (Bottom) 9.133 0.335 3.865 2.968 0.984 

Table 85: Results of t-test for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 0.4 suns. 

 

Doped optical coupling (w/w 
%) 

x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 9.102 0.247 - - - 

0.25 9.126 0.640 0.059 2.585 0.521 

0.5 9.780 0.179 3.846 3.641 0.989 

1.0 10.182 0.268 5.127 3.975 0.997 

2.0 9.708 0.133 3.734 3.070 0.984 

Doped concentrator (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.1 (Homogenous) 9.356 0.147 1.527 3.249 0.891 

0.1 (Top) 9.330 0.157 1.346 3.387 0.869 

0.1 (Bottom) 9.107 0.045 0.035 2.130 0.512 

Table 86: Results of t-test for NaYF4: Er3+, Yb3+ doped LCPV devices at 1 sun. 

 

Doped optical coupling (w/w 
%) 

x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 8.370 0.154 - - - 

0.25 8.820 0.631 0.239 2.237 0.584 

0.5 9.567 0.172 6.280 3.949 0.998 

1.0 9.965 0.290 6.513 3.041 0.996 

2.0 9.507 0.142 6.441 3.973 0.998 

Doped concentrator (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.1 (Homogenous) 9.438 0.225 4.504 3.536 0.993 

0.1 (Top) 9.340 0.137 5.135 3.945 0.996 

0.1 (Bottom) 9.245 0.054 5.469 2.488 0.990 

Table 87: Results of t-test for NaYF4: Er3+, Yb3+ doped LCPV devices at 0.8 suns. 

 

Doped optical coupling (w/w 
%) 

x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 8.703 0.157 - - - 

0.25 8.807 0.701 0.251 2.200 0.588 

0.5 9.544 0.172 6.261 3.968 0.998 

1.0 9.938 0.287 6.544 3.100 0.997 

2.0 9.532 0.122 7.229 3.764 0.999 

Doped concentrator (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.1 (Homogenous) 9.285 0.191 4.081 3.858 0.992 

0.1 (Top) 9.278 0.160 4.444 3.998 0.994 

0.1 (Bottom) 9.103 0.031 4.336 2.152 0.978 

Table 88: Results of t-test for NaYF4: Er3+, Yb3+ doped LCPV devices at 0.6 suns. 
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Doped optical coupling (w/w 
%) 

x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 8.295 0.170 - - - 

0.25 8.499 0.718 0.479 2.224 0.663 

0.5 9.255 0.186 6.594 3.968 0.999 

1.0 9.644 0.299 6.796 3.174 0.997 

2.0 9.252 0.107 8.237 3.372 0.999 

Doped concentrator (w/w %) x̄ (%) s (%) T DF P (μ > μcontrol) 

0.1 (Homogenous) 8.906 0.186 4.196 3.969 0.993 

0.1 (Top) 8.798 0.151 3.831 3.941 0.990 

0.1 (Bottom) 8.647 0.041 3.478 2.235 0.969 

Table 89: Results of t-test for NaYF4: Er3+, Yb3+ doped LCPV devices at 0.4 suns. 

Doping (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 15.515 0.400 - - - 

0.25 15.951 0.207 1.674 2.999 0.904 

0.5 15.573 0.543 0.150 3.679 0.556 

1.0 15.699 0.378 0.580 3.987 0.703 

2.0 15.587 0.675 0.158 3.252 0.558 

Table 90: Results of t-test for Sr4Al14O25: Eu2+, Dy3+ doped Sylgard PV cells at 1 sun. 

Doping (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 15.809 0.182 - - - 

0.25 16.285 0.218 2.904 3.878 0.977 

0.5 16.087 0.619 0.745 2.342 0.738 

1.0 16.056 0.414 0.945 2.744 0.790 

2.0 16.059 0.601 0.688 2.363 0.724 

Table 91: Results of t-test for Sr4Al14O25: Eu2+, Dy3+ doped Sylgard PV cells at 0.8 suns. 

Doping (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 15.715 0.419 - - - 

0.25 16.100 0.319 1.266 3.736 0.861 

0.5 15.947 0.586 0.558 3.622 0.695 

1.0 15.759 0.380 0.136 3.963 0.551 

2.0 15.829 0.640 0.259 3.450 0.595 

Table 92: Results of t-test for Sr4Al14O25: Eu2+, Dy3+ doped Sylgard PV cells at 0.6 suns. 

Doping (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 15.197 0.486 - - - 

0.25 15.504 0.388 0.857 3.812 0.779 

0.5 15.305 0.479 0.275 3.999 0.602 

1.0 14.951 0.116 -0.852 2.225 0.238 

2.0 15.235 0.726 0.076 3.494 0.528 

Table 93: Results of t-test for Sr4Al14O25: Eu2+, Dy3+ doped Sylgard PV cells at 0.4 suns. 

Doping (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 15.515 0.400 - - - 

0.25 15.761 0.240 0.915 3.269 0.789 

0.5 15.748 0.306 0.801 3.744 0.765 

1.0 16.283 0.354 2.489 3.941 0.966 

2.0 15.887 0.455 1.062 3.936 0.825 

Table 94: Results of t-test for NaYF4: Er3+, Yb3+ doped Sylgard PV cells at 1 sun. 

 

 



266 
 

Doping (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 15.809 0.182 - - - 

0.25 16.131 0.416 1.227 2.327 0.843 

0.5 15.952 0.226 0.852 3.822 0.778 

1.0 16.350 0.367 2.287 2.927 0.946 

2.0 15.905 0.443 0.348 2.654 0.623 

Table 95: Results of t-test for NaYF4: Er3+, Yb3+ doped Sylgard PV cells at 0.8 suns. 

Doping (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 15.715 0.419 - - - 

0.25 15.734 0.390 0.059 3.979 0.522 

0.5 15.593 0.194 -0.458 2.823 0.340 

1.0 15.863 0.545 0.372 3.753 0.635 

2.0 15.549 0.372 -0.512 3.944 0.318 

Table 96: Results of t-test for NaYF4: Er3+, Yb3+ doped Sylgard PV cells at 0.6 suns. 

Doping (w/w %) x̄ (%) s (%) t DF P (μ > μcontrol) 

0.0 15.197 0.486 - - - 

0.25 15.189 0.308 -0.023 3.385 0.491 

0.5 14.892 0.308 -0.918 3.384 0.210 

1.0 15.512 0.623 0.690 3.776 0.735 

2.0 14.997 0.473 -0.511 3.997 0.318 

Table 97: Results of t-test for NaYF4: Er3+, Yb3+ doped Sylgard PV cells at 0.4 suns. 

 The results from the t-test show a generally good agreement with the conclusions 

in chapter 4 drawn from the champion PCE values, particularly for the best 

performing LCPV devices (top and bottom doped Sr4Al14O25: Eu2+, Dy3+ 

concentrators and 0.5%, 1% and 2% w/w doped NaYF4: Er3+, Yb3+ optical 

couplings) which at 1 sun exhibited the highest levels of confidence (all over 95%) 

that their true means were higher than that of the control. The notion of better 

performance at lower irradiance is also supported since the 0.5% and 2% doped 

NaYF4: Er3+, Yb3+ optical couplings saw their confidence levels increase from 

95% at 1 sun to over 99% at 0.4, 0.6 and 0.8 suns. It also noteworthy that at <1 

sun irradiance, the doped NaYF4: Er3+, Yb3+ concentrators all showed high 

confidence (>95%) of enhanced performance, meaning they are essentially as 

effective as the doped optical couplings, while the Sr4Al14O25: Eu2+, Dy3+ doped 

optical couplings did not improve their PCE to 95% confidence at any illumination 

level. These discrepancies from the earlier narrative are the result of applying 

more statistical rigour, since the champion of each configuration could have been 

a mild outlier and the range of measurements within a sample were not 

considered.  

 The findings from chapter 3, on the other hand, are partially backed up by this 

analysis, since the best devices for each material by champion PCE value (0.25% 

w/w for Sr4Al14O25: Eu2+, Dy3+ and 1% w/w doped optical coupling NaYF4: Er3+, 
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Yb3+) were the only two samples to reach 95% confidence and at the irradiance 

levels where their PCE measurements were highest, highlighting a good level of 

consistency between 3.7.3 and this subsection. However, although their sample 

means are almost exclusively higher than the control, other doping levels do not 

demonstrate a higher true PCE mean to a 95% level of confidence at any intensity 

level. Nevertheless, this does provide further evidence for the finding that the 

addition of concentrators improves the PCE of rare earth compound layer coated 

PV cells more effectively than in their absence. Although one caution when 

performing these kinds of tests that should be noted is the possibility for type 1 

and 2 errors, in which respectively, an actually true H0 is rejected or an in reality 

false H0 is accepted. The probability of these occurring are the p-value for type 1 

and one minus the p-value for type 2. Since p-values are small by definition for 

accepted H0 they are quite unlikely to occur, but type 2 errors are relatively likely 

to occur for several p-values, particularly ones just above the critical value of 0.05. 

Hence, the binary nature of hypothesis testing that treats a p-value of 0.06 and 

0.99 identically by rejecting both could be regarded as a minor drawback of this 

approach.  

6.3.2 Analysis via Propagated Sources of Error 

 Another way to estimate the error and statistical significance of the results could 

be to consider the physical sources of uncertainty in the experiment, and from 

first principles, derive an expression for the standard deviation of the entire 

population of solar cells (σ). Then it would be possible to calculate the standard 

error (SE) for a given sample mean using the equation: 

𝑆𝐸 =
𝜎

√𝑛
 (42) 

 Then one could simply perform a two sample z-statistic from the formula below 

(where z is the standard normal distribution, x̄1 and SE1 are the sample mean and 

standard error of the rare earth compound containing device and x̄2 and SE2 that 

for the control).  

𝑧 =
𝑥1̅̅̅̅ −𝑥2̅̅̅̅

√𝑆𝐸1
2+𝑆𝐸2

2
  (43) 

 This approach does not require DF to find the corresponding p-values (which are 

found from an online calculator [347]) and are equal to the level of significance.   
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Finally, from looking at the significance level, the same hypothesis test in 6.3.1 is 

conducted. For a one-sided test the critical z values are 1.64 and 2.33 for p-

values of 0.05 and 0.01 (95% and 99% confidence) respectively. The same logic 

applies as 6.3.1 that one minus the p-value gives P (μ > μcontrol). 

 The five fundamental sources of experimental error to be considered in deriving 

σ are: temperature of room fluctuations, intrinsic solar cell quality variation within 

the batch from NAREC, solar simulator lamp intensity fluctuations, I-V tracer 

accuracy and fluctuations in the transmittance of concentrators (for the LCPV 

devices only). This excludes any uncertainty that may arise due to imperfections 

in the fabrication procedure and all variations are assumed to follow a normal 

distribution. In order to quantitatively evaluate these factors’ contributions 

towards uncertainty, it must first be considered to study the components of a PCE 

measurement, using the formula. 

𝑃𝐶𝐸 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

 𝐼𝑀𝑃 𝑉𝑀𝑃

𝑃𝑖𝑛
  (44) 

 Therefore, the overall PCE error, σPCE, will depend on the uncertainties of each 

of the parameters, IMP, VMP and Pin which can be given by σI, σV and σP, 

respectively. Once these values are known, the individual parameter errors may 

be propagated using the equation below, (a special case from the exact formula 

for propagation of error, when the powers of all variables are 1 or -1), to derive 

the magnitude of σPCE.  

𝜎𝑃𝐶𝐸 = 𝑃𝐶𝐸√(
𝜎𝐼

𝐼𝑀𝑃
)

2
+ (

𝜎𝑉

𝑉𝑀𝑃
)

2
+ (

𝜎𝑃

𝑃𝑖𝑛
)

2
  (45) 

 Further calculation is required to determine the initial values of σI, σV and σP 

which all have their own sources of uncertainty from the factors mentioned earlier 

(for simplicity it will be assumed σI and σV scale with the errors of JSC and VOC, 

IMP = JSC and rises linearly with light intensity, and VMP = VOC and is independent 

of light intensity). If there are multiple errors, ε, present in a measurement, x, then 

provided they are all independent of one another [348], their root sum square 

gives a combined overall uncertainty for that variable, σx. 
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𝜎𝑥 =  √∑ 𝜀𝑖
2

𝑛

𝑖=0

 

(46) 

 This is the case for IMP and VMP measurements. For example, the current at 

maximum power, has quantifiable component errors from the accuracy on the I-

V tracer (± 0.5% or ± 0.005IMP mA), the fluctuations in lamp intensity over time (± 

1% or ± 0.01IMP mA) and, for LCPV devices, from the uncertainty on the quality 

of the concentrator (± 3.5% or ± 0.035IMP mA). The latter stems from the presence 

of tiny bubbles and shape variation in some of the concentrators and was 

calculated from the standard deviation of their transmittance measurements for a 

sample of 17 doped and un-doped concentrators. Using the above formula, these 

errors were combined to yield σI = 0.0112IMP and 0.0367IMP for the PV and LCPV 

devices respectively.  

 Likewise, VMP also depends on the accuracy on the I-V tracer, so any 

measurements come with an error of ± 0.5% or ± 0.005VMP mV. Two additional 

uncertainties on this variable originate from the fluctuations in room temperature 

and intrinsic silicon PV cell quality. These are quantified by the standard deviation 

of the temperature of the room (which was recorded periodically throughout 

device characterisation and varied between 24.9°C and 29.1°C) multiplied by 2.2 

mV (the effect on VOC per °C temperature difference) and the standard deviation 

of the multi-meter recorded voltages (that varied between 300 and 390 mV), to 

give errors of ± 2.4 mV and ± 21 mV for the temperature and cell quality issue 

respectively. Combining again leads to a σV = 21.32 mV or 0.0381VMP and is the 

same for LCPV and PV devices.  

 Finally, the uncertainty on Pin is only affected by one factor, the lamp intensity, 

so σP = 0.01Pin W. Now σI, σV and σP have been quantified, σPCE can be 

calculated using the earlier formula. This is equal to 0.0538PCE for LCPV devices 

and 0.0410PCE for the coated PV cells. Due to the cancellation of terms in the 

formula, σPCE is unaffected by the change in irradiance level, although as 

apparent from its linear dependence on PCE, higher performing devices will 

exhibit a greater absolute error.  
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 Now the standard deviation of the population is now known, a standard error, 

SE, can be given for each sample mean and the calculated z and p-values for 

two sets of data used to test the hypothesis that the true mean of one type of 

device is greater than the control’s. The resulting data is given in Tables 98-113 

in the same style as 6.3.1 with P (μ > μcontrol) and green shading used to indicate 

the samples with the highest confidence levels that their true mean is greater than 

that of the control.  

 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 9.102 0.283 - - 

0.25 9.000 0.280 -0.258 0.398 

0.5 9.434 0.293 0.814 0.792 

1.0 9.141 0.284 0.097 0.539 

2.0 9.137 0.284 0.086 0.534 

Doped concentrator (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.1 (Homogenous) 8.774 0.273 -0.835 0.202 

0.1 (Top) 9.808 0.305 1.697 0.955 

0.1 (Bottom) 9.723 0.302 1.501 0.933 

Table 98: Results of z-test for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 1 sun. 

 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 8.730 0.271 - - 

0.25 8.819 0.274 0.230 0.591 

0.5 9.235 0.287 1.279 0.900 

1.0 8.881 0.276 0.391 0.652 

2.0 8.895 0.276 0.427 0.665 

Doped concentrator (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.1 (Homogenous) 8.515 0.264 -0.568 0.285 

0.1 (Top) 9.892 0.307 2.835 0.998 

0.1 (Bottom) 9.624 0.299 2.215 0.987 

Table 99: Results of z-test for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 0.8 suns. 

 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 8.703 0.270 - - 

0.25 8.662 0.269 -0.106 0.542 

0.5 9.123 0.283 1.072 0.858 

1.0 8.751 0.272 0.125 0.550 

2.0 8.711 0.271 0.020 0.508 

Doped concentrator (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.1 (Homogenous) 8.462 0.263 -0.639 0.508 

0.1 (Top) 9.787 0.304 2.664 0.996 

0.1 (Bottom) 9.143 0.284 1.124 0.869 

Table 100: Results of z-test for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 0.6 suns. 

 



271 
 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 8.295 0.258 - - 

0.25 8.158 0.253 -0.378 0.353 

0.5 8.597 0.267 0.813 0.792 

1.0 8.312 0.258 0.046 0.518 

2.0 8.278 0.257 -0.046 0.482 

Doped concentrator (w/w %) x̄ (%) SE (%) Z P (μ > μcontrol) 

0.1 (Homogenous) 8.040 0.250 -0.711 0.239 

0.1 (Top) 9.537 0.296 3.163 0.999 

0.1 (Bottom) 9.133 0.284 2.188 0.986 

Table 101: Results of z-test for Sr4Al14O25: Eu2+, Dy3+ doped LCPV devices at 0.4 suns. 

 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 9.102 0.283 - - 

0.25 9.126 0.283 0.059 0.524 

0.5 9.780 0.304 1.633 0.949 

1.0 10.182 0.316 2.545 0.995 

2.0 9.708 0.302 1.465 0.929 

Doped concentrator (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.1 (Homogenous) 9.356 0.291 0.625 0.734 

0.1 (Top) 9.330 0.290 0.563 0.713 

0.1 (Bottom) 9.107 0.283 0.013 0.505 

Table 102: Results of z-test for NaYF4: Er3+, Yb3+ doped LCPV devices at 1 sun. 

 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 8.730 0.271 - - 

0.25 8.820 0.274 0.232 0.592 

0.5 9.567 0.297 2.081 0.981 

1.0 9.965 0.310 3.000 0.999 

2.0 9.507 0.295 1.938 0.974 

Doped concentrator (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.1 (Homogenous) 9.438 0.293 1.773 0.962 

0.1 (Top) 9.340 0.290 1.535 0.938 

0.1 (Bottom) 9.245 0.287 1.303 0.904 

Table 103: Results of z-test for NaYF4: Er3+, Yb3+ doped LCPV devices at 0.8 suns. 

 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 8.703 0.270 - - 

0.25 8.807 0.274 0.270 0.606 

0.5 9.544 0.296 2.098 0.982 

1.0 9.938 0.309 3.011 0.999 

2.0 9.532 0.296 2.068 0.981 

Doped concentrator (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.1 (Homogenous) 9.285 0.288 1.473 0.930 

0.1 (Top) 9.278 0.288 1.457 0.927 

0.1 (Bottom) 9.103 0.283 1.024 0.847 

Table 104: Results of z-test for NaYF4: Er3+, Yb3+ doped LCPV devices at 0.6 suns. 
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Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 8.295 0.258 - - 

0.25 8.499 0.264 0.553 0.710 

0.5 9.255 0.287 2.487 0.994 

1.0 9.644 0.300 3.415 >0.999 

2.0 9.252 0.287 2.479 0.993 

Doped concentrator (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.1 (Homogenous) 8.906 0.277 1.616 0.947 

0.1 (Top) 8.798 0.273 1.338 0.910 

0.1 (Bottom) 8.647 0.269 0.945 0.828 

Table 105: Results of z-test for NaYF4: Er3+, Yb3+ doped LCPV devices at 0.4 suns. 

 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 15.515 0.367 - - 

0.25 15.951 0.378 0.827 0.796 

0.5 15.573 0.369 0.112 0.545 

1.0 15.699 0.372 0.353 0.638 

2.0 15.587 0.369 0.138 0.555 

Table 106: Results of z-test for Sr4Al14O25: Eu2+, Dy3+ doped Sylgard PV cells at 1 sun. 

 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 15.809 0.374 - - 

0.25 16.285 0.385 0.885 0.912 

0.5 16.087 0.381 0.520 0.698 

1.0 16.056 0.380 0.462 0.678 

2.0 16.059 0.380 0.468 0.680 

Table 107: Results of z-test for Sr4Al14O25: Eu2+, Dy3+ doped Sylgard PV cells at 0.8 
suns. 

 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 15.715 0.372 - - 

0.25 16.100 0.381 0.723 0.765 

0.5 15.947 0.377 0.438 0.669 

1.0 15.759 0.373 0.084 0.533 

2.0 15.829 0.375 0.217 0.586 

Table 108: Results of z-test for Sr4Al14O25: Eu2+, Dy3+ doped Sylgard PV cells at 0.6 
suns. 

 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 15.197 0.360 - - 

0.25 15.504 0.367 0.598 0.725 

0.5 15.305 0.362 0.212 0.584 

1.0 14.951 0.354 -0.487 0.313 

2.0 15.235 0.361 0.075 0.530 

Table 109: Results of z-test for Sr4Al14O25: Eu2+, Dy3+ doped Sylgard PV cells at 0.4 
suns. 
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Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 15.515 0.367 - - 

0.25 15.761 0.373 0.471 0.681 

0.5 15.748 0.373 0.445 0.672 

1.0 16.283 0.385 1.442 0.925 

2.0 15.887 0.376 0.707 0.760 

Table 110: Results of z-test for NaYF4: Er3+, Yb3+ doped Sylgard PV cells at 1 sun. 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 15.809 0.374 - - 

0.25 16.131 0.382 0.602 0.726 

0.5 15.952 0.378 0.269 0.606 

1.0 16.350 0.387 1.004 0.842 

2.0 15.905 0.377 0.181 0.572 

Table 111: Results of z-test for NaYF4: Er3+, Yb3+ doped Sylgard PV cells at 0.8 suns. 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 15.715 0.372 - - 

0.25 15.734 0.372 0.037 0.515 

0.5 15.593 0.369 -0.233 0.408 

1.0 15.863 0.375 0.280 0.610 

2.0 15.549 0.368 -0.316 0.376 

Table 112: Results of z-test for NaYF4: Er3+, Yb3+ doped Sylgard PV cells at 0.6 suns. 

Doped optical coupling (w/w %) x̄ (%) SE (%) z P (μ > μcontrol) 

0.0 15.197 0.360 - - 

0.25 15.189 0.360 -0.015 0.494 

0.5 14.892 0.353 -0.606 0.272 

1.0 15.512 0.367 0.613 0.730 

2.0 14.997 0.355 -0.396 0.346 

Table 113: Results of z-test for NaYF4: Er3+, Yb3+ doped Sylgard PV cells at 0.4 suns. 

 From this statistical test, it is seen the implications for the LCPV devices are 

largely similar to what was commented in 6.3.1; the highest performing champion 

device categories are also usually the ones with a 95% or 99% confidence of their 

true mean being greater than the control. However, it can also be said this test is 

harsher as much less of the total device data sets reach these levels over all 

irradiance levels; using the t-test 32 measurement samples have a confidence 

level of >95% and 22 of more than 99%, whereas for the z-test these figures are 

just 17 and 9. This is down to the SE under this model being larger in most cases 

than the sample standard deviations. 

 Likewise, the PV cells feel the effect of this and because the SE scales linearly 

with PCE, by demonstrating no measurements with a confidence level above 

95%, although the best two devices, 0.25% w/w for Sr4Al14O25: Eu2+, Dy3+ and 

1% w/w doped optical coupling NaYF4: Er3+, Yb3+, almost did with P (μ > μcontrol) 

of 0.912 and 0.925 respectively. Thus, it may be concluded that 6.3.1 is the better 

method as it is based on real statistical observations rather than the assumed 
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population standard deviation which might itself be an overestimate (perhaps due 

to assumptions like VOC = VMP and the concentrators not having such un-uniform 

optical properties as suggested by a relatively small sample of UV-Vis 

measurements compared to the total number of concentrators used).  

6.3.3 DSSC variation in device efficiency 

 Such a rigorous analysis is not provided for the DSSC investigation due to the 

smaller sample size (of two, rather than three) diluting its meaning. However for 

completeness, the sample mean, range (difference between maximum and 

minimum PCE), sample standard deviation (range divided by 2 for all except the 

control device for which a total of 6 copies were made) and SE (using the very 

crude estimate that s = σ) are provided for the PCEs of the screen printed DSSCs 

in Tables 114 and 115. Further graphical presentations with SE as the error bars 

are shown in Figures 150 and 151 in which the same notation as used in chapter 

5 is utilised to abbreviate the device names: (DB for the doctor bladed on TiO2, 

SC for the spin coated TiO2-rare earth mixture, DC x μl for the drop casting by x 

μl of the TiO2-rare earth mixture and DB CE for the doctor bladed counter 

electrode. 

Device Category x̄ (%) s (%) SE (%) Range (%) 

Control  3.017 0.856 0.605 2.405 

Doctor bladed on TiO2 2.925 0.294 0.208 0.587 

Spin coated TiO2 mixture  3.140 0.449 0.317 0.897 

Drop cast TiO2 mixture (25 μl) 4.487 0.092 0.065 0.183 

Drop cast TiO2 mixture (50 μl) 3.413 0.391 0.276 0.782 

Drop cast TiO2 mixture (100 μl) 2.372 1.131 0.799 2.261 

Drop cast TiO2 mixture (200 μl) 2.452 0.675 0.477 1.350 

Doctor bladed counter electrode 3.242 1.598 1.130 3.196 

Table 114: Variation in the PCE of the Sr4Al14O25: Eu2+, Dy3+ doped screen printed 
DSSCs. 

Device Category x̄ (%) s (%) SE (%) Range (%) 

Control  3.017 0.856 0.605 2.405 

Doctor bladed on TiO2 1.679 0.464 0.328 0.927 

Spin coated TiO2 mixture  3.697 0.004 0.003 0.008 

Drop cast TiO2 mixture (25 μl) 4.817 0.002 0.001 0.004 

Drop cast TiO2 mixture (50 μl) 4.813 0.491 0.347 0.981 

Drop cast TiO2 mixture (100 μl) 1.799 1.000 0.707 1.999 

Drop cast TiO2 mixture (200 μl) 3.151 0.064 0.045 0.128 

Doctor bladed counter electrode 4.318 1.316 0.930 2.631 

Table 115: Variation in the PCE of the NaYF4: Er3+, Yb3+ doped screen printed DSSCs. 
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Figure 150: Graph of the sample mean PCEs of the Sr4Al14O25: Eu2+, Dy3+ doped 
screen printed DSSCs with their SE bars displayed. 

 

Figure 151: Graph of the sample mean PCEs of the NaYF4: Er3+, Yb3+ doped screen 
printed DSSCs with their SE bars displayed. 

  It can be seen in some instances the standard error is small, particularly for the 

spin coated and 25 μl drop casted devices, however, in a few occasions it is much 

larger (~1%) indicating possible, unavoidable inconsistencies in their fabrication 

process. The fact the thinner films have a lower standard error could mean the 

dispensing of less fluid causes a more reproducible, uniform thin film to form. As 

a result, the low standard error and thus relatively high average PCE of the spin 

coated TiO2-rare earth mixture for both materials give it more viability as an 

option. Nevertheless, if the means are taken as opposed to the champion device 

PCE, the conclusions from chapter 5 mostly still hold. Although considering the 
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sample mean, Sr4Al14O25: Eu2+, Dy3+ 25 μl drop casted is now better than the 

doctor bladed counter electrode. In addition, another new observation would be 

that there is much less difference between the 25 μl and 50 μl drop casted layers 

for the NaYF4: Er3+, Yb3+ doped devices with the former now having a slightly 

higher PCE of 0.004%. The NaYF4: Er3+, Yb3+ doctor bladed counter electrode 

also has a very large range and standard deviation. The reasons for the doctor 

bladed CE of both materials leading to irregular efficiencies could be cause for 

further study, since both the films appeared visually identical, but their I-V curves 

were wildly different between samples and time of measurements, indicating a 

potential hysteresis effect. Finally, it is more difficult to quantify DSSC 

uncertainties but they can stem from the same characterisation equipment factors 

in 6.3.2 as well as human error in the fabrication process (e.g. the force or 

direction of applying the squeegee and dropping solutions slightly off-centre onto 

the substrate which can affect film quality).  

6.4 Optical Models 

 Simple optical models will be deployed in two cases to develop the theoretical 

underpinning of this work and build a clearer picture of the reasons for enhanced 

electrical performance from first principles. Firstly, the thin film coating on silicon 

PV cells in the absence of concentrators will be studied using an existing model. 

Then with the aid of MATLAB®, a simple ray 2D trace argument will be 

constructed in order to attempt to justify the results observed in the LCPV 

modules.  

6.4.1 Thin Film Layer 

 The physical processes and possible optical paths within a thin film of spectral 

conversion material coating a solar PV cell are similar to those of the LSC as 

shown in Figure 28 in 2.7.1. This means by considering these fundamental 

losses, a simple mathematical model can be made to predict the behaviour of a 

spectral conversion layer on a solar cell (without a concentrator). Such a model 

was developed by Rothemund et al in 2013 [182], specifically for LDS processes 

and shall be utilised here for this thesis.  

 The underpinning equation for this model was derived by considering the incident 

radiation on the LDS layer at a given wavelength which can be split into two 

fractions; the fraction of photons absorbed by the LDS layer, fabs (λ), and the 
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fraction transmitted directly through to the PV cell, ftrans (λ), i.e. without interacting 

with the LDS material. These two quantities can in turn be derived from the 

fundamental laws of optics (given in 3.4.2) in addition to the Beer-Lambert law 

and are given by: 

𝑓𝑎𝑏𝑠(𝜆) = (1 − ∆𝑅𝐿𝐷𝑆)(1 − exp[−𝛬𝑎𝑏𝑠 ∙ 𝐴𝑏𝑠(𝜆)])   (47) 

𝑓𝑡𝑟𝑎𝑛𝑠(𝜆) = 1 − ∆𝑅𝐿𝐷𝑆 − 𝑓𝑎𝑏𝑠(𝜆)                         (48) 

 In these expressions ΔRLDS is the additional reflectance arising from the 

presence of the LDS particles within the host matrix (in this case Sylgard), Abs(λ) 

is the absorbance as function of wavelength and Λabs is an absorbance scaling 

factor depending on the concentration ratio of the LDS particles and thickness of 

the layer containing them. For simplicity, it can be assumed that ΔRLDS ≈ 0 which 

modifies the above equations to: 

𝑓𝑎𝑏𝑠(𝜆) = (1 − exp[−𝛬𝑎𝑏𝑠 ∙ 𝐴𝑏𝑠(𝜆)])  (49) 

𝑓𝑡𝑟𝑎𝑛𝑠(𝜆) = 1 − 𝑓𝑎𝑏𝑠(𝜆)                        (50) 

 Two further factors then determine the effectiveness of the LDS layer, the 

emission spectral matching (ESM) and the LDS efficiency (ηLDS). The ESM is 

essentially another scaling factor that determines the average EQE of the PV cell 

resulting from the LDS emission across all wavelengths incident on it, and is given 

by: 

𝐸𝑆𝑀 =
∫ 𝑃𝐿(𝜆′)𝐸𝑄𝐸𝑟𝑒𝑓(𝜆′)𝑑𝜆

𝜆𝑚𝑎𝑥
𝜆𝑚𝑖𝑛

′

∫ 𝑃𝐿(𝜆′)𝑑𝜆′
𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

  (51) 

 In this expression EQEref (λ) is the EQE of the bare cell without an LDS layer and 

the full derivation for ESM is given as an appendix in Rothemund’s original work 

[182]. On the other hand, ηLDS is the fraction of the radiation absorbed by the LDS 

layer which reaches the PV cell below. In Rothemund’s model this quantity 

depends on the iPLQY of the LDS material (denoted instead by ηPL) and fractional 

optical losses via the escape cone of spectrally converted emission (Lesc), self-

absorption of the emission (Lreabs) and  other sources including via the sides of 

the layer and reflection at the interfaces (Lother). These terms combine to give the 

ηLDS as follows: 

𝜂𝐿𝐷𝑆 = 𝜂𝑃𝐿(1 − 𝐿𝑒𝑠𝑐)(1 − 𝐿𝑟𝑒𝑎𝑏𝑠)(1 − 𝐿𝑜𝑡ℎ𝑒𝑟)             (52) 
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 Finally, these aforementioned quantities complete the terms for the underpinning 

equation of this model and can be combined to give a formula for the predicted 

EQE of the PV cell coated by an LDS layer, EQELDS(λ) given by: 

𝐸𝑄𝐸𝐿𝐷𝑆(𝜆) = 𝑓𝑎𝑏𝑠(𝜆)𝜂𝐿𝐷𝑆𝐸𝑆𝑀 + 𝑓𝑡𝑟𝑎𝑛𝑠(𝜆)𝐸𝑄𝐸𝑟𝑒𝑓(𝜆)  (53) 

 This concise expression is highly useful to describe the behaviour of the system 

because it only requires two unknown parameters, Λabs and ηLDS (EQEref (λ), Abs 

(λ) and ESM are able to be known from separate experimental data) and can be 

applied to any solar cell technology given its bare EQE. The unknown parameters 

can be solved by setting up an optimisation problem in which Λabs and ηPL are 

varied to give a resulting EQELDS (λ) or EQEmodel which can then be compared to 

the EQE measurements obtained earlier with the Bentham PVE300 from the LDS 

layer-PV cell experiment (EQEexpt). Ideally, when a perfect solution is found the 

values of EQEmodel and EQEexpt should be the identical for all λ. However, this is 

beyond the level of accuracy for a model such as this one (due to the simplified 

assumptions and non-continuous input variables), so instead it shall be aimed to 

find the values of Λabs and ηLDS which produce an EQEmodel profile that closest 

resembles EQEexpt. With a more mathematically rigorous approach, the sum of 

squared errors of prediction (SSE) can be calculated for different values of Λabs 

and ηLDS at each discrete data point λi (with n data points in total). The SSE is 

given by: 

𝑆𝑆𝐸 = ∑(𝐸𝑄𝐸𝑚𝑜𝑑𝑒𝑙(𝜆𝑖) − 𝐸𝑄𝐸𝑒𝑥𝑝𝑡(𝜆𝑖))2

𝑖=𝑛

𝑖=1

 

  (54)      

 Its value is a quantitative measure of the discrepancy between observed and 

predicted data points, and the smaller the SSE, the better the fit. To begin building 

a model for this work using the equation for EQEmodel(λ), the inputs for EQEref (λ) 

and Abs (λ) were taken as those obtained in prior experiments. For EQEref (λ) an 

average of the bare EQEs recorded for the cells used in the TiO2 coating 

experiments in chapter 3 was used. Similarly, for Abs(λ), the data for the 

transmittance of the rare earth doped Sylgard thin films obtained from the Perkin 

Elmer Lambda 1050 was utilised (after using the relation in 3.4.2 to convert from 

transmittance to absorbance). Next, with the PL(λ) profiles for the most prominent 

emission profiles from 3.3.3, the ESM for each rare earth compound can be easily 
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calculated using a modified version of the ESM formula in which the integral for 

a continuous PL(λ) function becomes a sum over the discrete PL(λi) values in the 

denominator and the PL(λi) values multiplied by EQEref (λi) data points in the 

numerator. This yields ESM values of 0.80 for Sr4Al14O25: Eu2+, Dy3+ and 0.85 for 

NaYF4: Er3+, Yb3+. 

  Now that all inputs for the underpinning equation have been determined, a 

program in an Excel spreadsheet can be constructed that allows an 

instantaneous output of EQEmodel(λ) and SSE when the values of the cells 

containing Λabs and ηLDS are changed. In order to find the optimal Λabs and ηLDS 

values, a rigorous trial and error method is used in which the calculated SSEs are 

noted for a large combination of Λabs and ηLDS inputs; when SSE is minimised, the 

solution is found. To ease the problem, there are some physical constraints on 

the value of ηLDS such that it must be between 0 and 1 for a pure LDS process. It 

must also be such that the Sr4Al14O25: Eu2+, Dy3+ photoluminescence is an LDS 

process as the emission wavelength possesses too high an energy to produce 

two photons from ~ 400 nm excitation. Likewise although NaYF4: Er3+, Yb3+ is a 

DC material, the 660 nm emission again can only be produced at a maximum of 

one per absorbed photon from the same energy argument (the other emitted 

photon will be of lower energy, but as seen from photoluminescent spectroscopy 

is of much weaker intensity so is omitted in this model). Conversely, Λabs is an 

arbitrary scaling factor with no immediate physical upper or lower limits to its size. 

However, a cursory study of the underpinning formula shows that because Λabs 

is in a negative exponent then it will lead to two cases in its extreme cases. In the 

limit Λabs  0, the equation for LDS simply becomes: 

𝐸𝑄𝐸𝐿𝐷𝑆(𝜆) = 𝐸𝑄𝐸𝑟𝑒𝑓(𝜆) (55) 

Whereas in the limit Λabs  ∞, the equation simplifies to:  

𝐸𝑄𝐸𝐿𝐷𝑆(𝜆) = 𝜂𝐿𝐷𝑆𝐸𝑆𝑀 (56) 

 It was first proposed to produce a model that would fit the experimental data 

(EQEexpt) obtained for the Sylgard doped with 0.5% Sr4Al14O25: Eu2+, Dy3+ coated 

PV device studied in 3.7.3.  In initial tests using ηLDS = 0.80 and Λabs = 1 (a 

sensible starting point because of the absorbance values being of order 10-1 and 

the behaviour of Λabs at large and small values), it was found the EQEmodel  

produced data points that were too small in the region 300-500 nm, where 
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improvements are expected and experimentally observed. Hence, Λabs was 

increased incrementally in integer steps, to Λabs = 20. It was then noted that at 

higher values of Λabs (> 14), the EQEmodel predictions were too high in the 300-

400 nm region and too low in the 400-600 nm section. To compensate for this, 

the ηLDS values were then increased to yield larger predicted EQE values for λ > 

400 nm. Through fine tuning Λabs to account for the higher spectral conversion 

efficiency, a minimal SSE of 0.00139 was found for Λabs = 5.5 and ηLDS = 1.  

 A similar procedure was repeated to obtain realistic EQEmodel spectra for the 

0.25%, 1% and 2% doped Sr4Al14O25: Eu2+, Dy3+ Sylgard coated devices and all 

the NaYF4: Er3+, Yb3+ in Sylgard layer containing PV cells, while using their 

appropriate experimental data from chapter 3 as inputs for the model. These 

results are summarised in Table 116 and the Figures 152-159 which show a 

graph of the spectra of the bare solar cell compared to the experimental data and 

that predicted by the model (from 300-600 nm to clearly show the changes). 

Finally, an R2 value was calculated for each data set to quantitatively evaluate 

the goodness of fit (generally, the closer its value to unity, the better the 

experimental data is predicted by the model).  

𝑅2 = 1 −
𝑆𝑆𝐸

𝑆𝑆𝑇
   (57) 

In which SST is the total sum of squares given by: 

𝑆𝑆𝑇 = ∑(𝐸𝑄𝐸𝑒𝑥𝑝𝑡(𝜆𝑖) − 𝐸𝑄𝐸𝑒𝑥𝑝𝑡
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅)2

𝑖=𝑛

𝑖=1

 

        (58) 

And 𝐸𝑄𝐸𝑒𝑥𝑝𝑡
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ is the mean value of measured EQE data (EQEexpt), calculated as: 

𝐸𝑄𝐸𝑒𝑥𝑝𝑡
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ =

1

𝑛
∑ 𝐸𝑄𝐸𝑒𝑥𝑝𝑡(𝜆𝑖)

𝑖=𝑛

𝑖=1

 

(59) 
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Figure 152: The EQE profile for 0.25% w/w doped Sr4Al14O25: Eu2+, Dy3+ Sylgard PV 
cells predicted by the model compared to the bare and experimentally measured EQE.  

 

Figure 153: The EQE profile for 0.5% w/w doped Sr4Al14O25: Eu2+, Dy3+ Sylgard PV 
cells predicted by the model compared to the bare and experimentally measured EQE. 
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Figure 154: The EQE profile for 1% w/w doped Sr4Al14O25: Eu2+, Dy3+ Sylgard PV cells 
predicted by the model compared to the bare and experimentally measured EQE. 

 

Figure 155: The EQE profile for 2% w/w doped Sr4Al14O25: Eu2+, Dy3+ Sylgard PV cells 
predicted by the model compared to the bare and experimentally measured EQE. 
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Figure 156: The EQE profile for 0.25% w/w doped NaYF4: Er3+, Yb3+ Sylgard PV cells 
predicted by the model compared to the bare and experimentally measured EQE. 

 

Figure 157: The EQE profile for 0.5% w/w doped NaYF4: Er3+, Yb3+ Sylgard PV cells 
predicted by the model compared to the bare and experimentally measured EQE. 
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Figure 158: The EQE profile for 1% w/w doped NaYF4: Er3+, Yb3+ Sylgard PV cells 
predicted by the model compared to the bare and experimentally measured EQE. 

 

Figure 159:  The EQE profile for 2% w/w doped NaYF4: Er3+, Yb3+ Sylgard PV cells 
predicted by the model compared to the bare and experimentally measured EQE. 
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Sylgard doping Λabs ηLDS SSE (× 10-3) R2 

0.25% Sr4Al14O25: Eu2+, Dy3+ 2.75 1 1.39 0.996 

0.5% Sr4Al14O25: Eu2+, Dy3+ 5.5 1 8.01 0.970 

1% Sr4Al14O25: Eu2+, Dy3+ 2 1 1.93 0.992 

2% Sr4Al14O25: Eu2+, Dy3+ 1 1 5.08 0.982 

0.25% NaYF4: Er3+, Yb3+ 6 0.9 11.87 0.959 

0.5% NaYF4: Er3+, Yb3+ 3 0.9 2.21 0.993 

1% NaYF4: Er3+, Yb3+ 2 0.9 5.75 0.983 

2% NaYF4: Er3+, Yb3+ 2 0.9 49.84 0.800 

Table 116: The derived model parameters and goodness of fit for each concentration of 
rare earth compound for Sr4Al14O25: Eu2+, Dy3+and NaYF4: Er3+, Yb3+ doped Sylgard 

devices. 

 On observation of the sets of curves, the model predictions are reasonably good 

fits for the experimental data. The lowest SSE and highest R2 are obtained for 

the 0.25% doped Sr4Al14O25: Eu2+, Dy3+ device while all other Sylgard doping 

levels have small SSEs <0.01 and R2 > 0.95, except for the 0.25% and 2% doped 

NaYF4: Er3+, Yb3+ layers (both the result of an underestimated EQE at 

wavelengths > 450 nm). The Λabs values have a small range from 1-6 and tend 

to decrease almost linearly with increasing particle concentration (apart from the 

0.25% Sr4Al14O25: Eu2+, Dy3+ and 2% doped NaYF4: Er3+, Yb3+ layers). This would 

be a problem, as Λabs would be expected to increase linearly with particle 

concentration, were it not for the fact that different Abs(λ) spectra were used for 

each doping level (based on their earlier transmittance spectra), so this scaling 

is allowed. Although given this, it might be predicted for their Λabs values all to be 

equal since the particle concentration is already factored into Abs(λ). The 

discrepancy could be due to the neglection of reflectance and scattering in the 

derivation of Abs(λ).  

 Conversely, the ηLDS values do stay constant for each doping level within the 

same material (1 for Sr4Al14O25: Eu2+, Dy3+ and 0.9 for NaYF4: Er3+, Yb3+). This 

implies they do not vary with particle concentration. For simplicity this parameter 

was not varied by wavelength, but this is something a more complex model could 

account for. Furthermore, the omitting of the Lesc, Lreabs and Lother terms (by 

assuming they are all close to zero) means that ηLDS can be thought of as the 

iPLQY. Thus, the model also predicts Sr4Al14O25: Eu2+, Dy3+ to have a higher 

iPLQY than NaYF4: Er3+, Yb3+ which is consistent with the literature [179, 267]; 

the former’s was quoted at 80.4% and the latter’s at 64% (neglecting 980 nm 

emission). Lreabs will be small for these materials as there is little overlap in their 

excitation and emission profiles, although according to [182], for an embedding 



286 
 

material with a refractive index of ~1.5 like Sylgard it is expected that Lesc ≈ 0.12 

as a minimum, but neglecting these losses did lead to a much better fit with the 

observed EQE data. Moreover, in reality it is likely that ΔRLDS would not equal 

zero and could actually be negative, so the expected increase in EQE from this 

aspect could compensate for the omission of escape cone losses and high 

predicted iPLQYs in this model.  

 With the EQE data, both from the model and PVE300 measurements, it is also 

possible calculate the JSC (and compare with the control to quantify 

enhancements) for all coated PV cell doping levels by using a modified version 

of an earlier formula (Equation 9 in chapter 1). This is done by changing the 

integral into discrete intervals and summing over the range of wavelengths, 

multiplying by the wavelength interval, Δλ (in this case 10 nm), as per the 

equation below.  

𝐽𝑆𝐶 = 𝛥𝜆𝑒 ∑ 𝜑(𝜆 = 300 + 10𝑛)𝐸𝑄𝐸(𝜆 = 300 + 10𝑛)

𝑛=80

𝑛=0

 

  (60)   

 Note that since EQELDS was only defined from 300-800 nm, where the Abs(λ) 

was factored into the equation, from 800-1100 nm the bare cell EQEref data points 

are used in its JSC calculation and from working in S.I. units, the outputs will be in 

A/m2, so can be divided by 10 to be given in the more scale appropriate mA/cm2. 

All that remains is to know the numerical values for φ(λ), the photon flux, under 

AM 1.5 G conditions. These can be calculated from ASTM G173-03 (available as 

a spreadsheet from [349]) simply by dividing the spectral irradiance at a given 

wavelength by the energy of the photon at that wavelength.  

 

𝜑(𝜆) =
𝐴𝑀1.5𝐺 (𝜆)

(
ℎ𝑐

𝜆
)

  (61) 

 From these two equations, each coated silicon PV cell’s JSC can be predicted 

from the EQE data for both the model (Mod. JSC) and from the real earlier IPCE 

measurements (EQE JSC) in Figures 84 and 85 in chapter 3. These are shown in 

Tables 117 and 118 along with the relative change in JSC compared to the control 

and data from characterisation under the solar simulator (Expt. JSC). Evidentially 
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it can be remarked that the EQE JSC and Mod. JSC calculated data are lower than 

that recorded under the solar simulator by ~4mA/cm2. This could be down to the 

EQE not being independent of the photon flux (i.e. if the laser used in the 

Bentham PVE300 is less intense than the solar simulator) and a small 

contribution to JSC from photons of wavelength >1100 nm and <300 nm which are 

not measured by the IPCE characterisation. Finally, the relative JSC 

enhancements for each set of predictions and measurements are plotted against 

doping level for the two rare earth compounds in Figures 160 and 161. For the 

IPCE measurement calculated data, there is a good correlation with the 

experimental data from the solar simulator, demonstrating consistency between 

the two procedures (although the large deviation for 0.5% doped Sr4Al14O25: Eu2+, 

Dy3+ is unexpected and could be the result of an outlier measurement).  

 Disappointingly though, the predicted ΔJSC from the Rothemund model data is 

slightly negative, so PCE enhancements would not be expected to take place if 

the model completely explained cell behaviour. This might be surprising since 

there were significant EQE increases of up to 6% in the 300-400 nm region and 

except for the 2% doped NaYF4: Er3+, Yb3+, there was always a good fit with the 

IPCE characterisation data and the EQE did not seem to decrease substantially 

at higher wavelengths. However, the reason for the smaller JSC summed over 

AM 1.5 G is because the photon flux goes up a lot with increasing wavelength 

throughout the visible part of the spectrum (both due to the shape of the 

irradiance spectrum and inverse proportionality of photon wavelength to 

energy), so a small reduction in EQE at these parts of the spectrum becomes 

more noticeable in its contribution to the overall JSC under simulated sunlight.  

Despite this flaw, one positive is that the Rothemund model comes close to 

predicting the best performing doping concentrations, since the NaYF4: Er3+, 

Yb3+ peaks in ΔJSC close to 1% w/w and at 0.25% w/w for Sr4Al14O25: Eu2+, 

Dy3+, which are also doping ratios that performed well in terms of ΔPCE under 

solar simulator characterisation. To conclude the model provided a good 

prediction of the rare earth doped Sylgard coated silicon PV cell’s EQE profiles 

but failed to accurately predict JSC enhancements because it overestimates how 

much the EQE will decline at visible wavelengths, perhaps due to the fact that 

ΔRLDS ≠ 0 or an unconsidered 980 nm emission contribution element from 

NaYF4: Er3+, Yb3+. 
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Doping 
(w/w %) 

Expt. JSC 

(mA/cm2) 
Expt.      

Δ JSC (%) 
EQE JSC 

(mA/cm2) 
EQE      

Δ JSC (%) 
Mod. JSC 

(mA/cm2) 
Mod.      

Δ JSC (%) 

0.0 36.330 - 31.959  - 32.225 -  

0.25 36.721 +1.08 32.233 +0.86 32.133 -0.29 

0.5 37.552 +3.36 32.089 +0.41 32.042 -0.57 

1.0 36.768 +1.21 32.274 +0.99 32.009 -0.67 

2.0 36.982 +1.79 31.696 -0.82 32.046 -0.56 

Table 117: Predicted JSC data for the Sr4Al14O25: Eu2+, Dy3+ doped Sylgard layers on PV 
cells (from the optical model and IPCE measurements) compared to that observed 

under the solar simulator. 

Doping 
(w/w %) 

Expt. JSC 

(mA/cm2) 
Expt.      

Δ JSC (%) 
EQE JSC 

(mA/cm2) 
EQE      

Δ JSC (%) 
Mod. JSC 

(mA/cm2) 
Mod.      

Δ JSC (%) 

0.0 36.330 - 31.959  - 32.225 -  

0.25 36.794 +1.28 32.525 +1.77 31.881 -1.07 

0.5 36.544 +0.59 31.917 -0.13 31.992 -0.72 

1.0 36.968 +1.76 32.512 +1.73 31.961 -0.82 

2.0 37.017 +1.89 32.264 +0.95 31.276 -2.95 

Table 118: Predicted JSC data for the NaYF4: Er3+, Yb3+ doped Sylgard layers on PV 
cells (from the optical model and IPCE measurements) compared to that observed 

under the solar simulator. 

 

 

Figure 160: Relative JSC gains for the Sr4Al14O25: Eu2+, Dy3+ doped Sylgard layers on 
PV cells (from the optical model and IPCE measurements) compared to that observed 

under the solar simulator. 
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Figure 161: Relative JSC gains for the NaYF4: Er3+, Yb3+ doped Sylgard layers on PV 
cells (from the optical model and IPCE measurements) compared to that observed 

under the solar simulator. 

6.4.2 Concentrator 2D Ray Trace 

 Having successfully used an existing model to describe the EQE behaviour for 

the non-concentrating PV cell coatings, it was then of importance to develop a 

similar mathematical model to justify the results obtained from the LCPV devices. 

As SEH concentrators are a novel technology, there was no existing model in the 

literature, so one had to be constructed from first principles. In building this model, 

six assumptions were made. Firstly, for simplicity, the system would be analysed 

in 2D only. This greatly reduces the complexity of tracing the paths of internal 

rays. Secondly, only the side largest side of the concentrator, that with its entry 

aperture being the major axis of the eclipse (3 cm) will have its 2D cross section 

studied (as it will dominate the total percentage of incoming rays). Thirdly, surface 

reflectance is assumed to be 0 and the same for all wavelengths. Fourthly, only 

1 total internal reflection event per ray is considered (i.e. no secondary total 

internal reflection of rays). Fifthly, the transmittance is initially assumed to be 

100% at all wavelengths (as the concentrators are largely visibly transparent and 

<400 nm makes up a small portion of the incident photon flux). And finally, the 

refractive index of the concentrator was assumed to be a constant of 1.5 across 

all wavelengths. The optical coupling was also assumed to have an identical 

refractive index, so there would be no loss at the interface between the base of 

the concentrator and the solar cell.  
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 All angles of incidence measured in Chapter 4 were considered. However, due 

to refraction at the top surface of the concentrator, the incident angle within the 

optic (θr) would differ from that of the incident ray (θi). These refracted angles of 

incidence can be calculated from Snell’s law (in which ni = 1, the refractive index 

of air, and nr = 1.5, the refractive index of the concentrator medium), and are 

shown for all considered values of θi in Table 119.  

𝑛𝑖 𝑠𝑖𝑛 𝜃𝑖 = 𝑛𝑟 𝑠𝑖𝑛 𝜃𝑟   (62) 

 

Angle of incidence (θi) Refracted angle of incidence (θr) 

0 0 

10 6.65 

20 13.18 

30 19.47 

40 25.37 

50 30.71 

60 35.26 

70 38.79 

80 41.04 

Table 119: Refracted angle of incidence (θr) for a ray entering the concentrator at angle 
of incidence (θi) to the normal. 

 Recalling from chapter 1 and the operation of luminescent solar concentrators, 

total internal reflection (TIR) occurs when the angle of an incident ray at the 

interface between two media is greater than the critical angle, θc. Therefore, the 

critical angle for the concentrator and air boundary (within the concentrator) is 

41.8°. This means all light rays travelling in the medium which hit an air interface 

at an incident angle greater than 41.8° are reflected at an angle equal to the one 

at which the surface was struck. For linear surfaces the calculation to determine 

the path of the total internal reflected ray would be trivial, but the SEH shape is 

somewhat more complex even in 2D. To calculate the route of the rays which 

undergo TIR after entering the concentrator, the angle of the surface normal at 

the relevant point must be known. The incident and reflected angles of the ray 

can then be defined relative to this normal as in TIR at linear interfaces. In order 

to find the normal, first the equation of the concentrator must be derived, before 

applying differentiation to yield the gradient of the tangent and its angle of 

elevation (which can then be converted into a normal by taking its negative 

reciprocal or adding 90°). As a starting point, the 2D cross section of the 

concentrator to be studied can be assumed to be a hyperbola with intersections 

at the points shown in Figure 162 below.  
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Figure 162: Cross-section plot of the SEH concentrator studied in this thesis from the 
face-on perspective to its largest side. 

 To plot this, the general equation of a hyperbola as seen below, was used to 

determine the values of the constants a and b, and an equation for the SEH’s 2D 

profile given its intersection points.        

𝑥2

𝑎2
−

𝑦2

𝑏2
= 1   (63) 

 Finding a from this relation is trivial since the x-axis intercepts are always (-a, 0) 

and (a, 0) so a = 0.5. Then by substitution of a known co-ordinate point and some 

algebra, it can easily be shown that b = 4√2/3. Thus, the equation of this 

hyperbola (where 32/9 is given to 2 decimal places) is: 

𝑥2

0.25
−

𝑦2

3.56
= 1  (64) 

  

 From differential calculus, the derivative of the function (dy/dx) gives the formula 

for the gradient of the tangent at the point x on the curve. By rearranging the 

above equation, it can be shown:  
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𝑑𝑦

𝑑𝑥
=

9𝑥

8√
9

32
(4𝑥2−1)

=
9𝑥

8𝑦
  (65) 

 This means the gradient of the tangent at the point (x, y) is (9x/8y). If an angle of 

the tangent from the horizontal, φ, is also desired it can then be given by: 

𝜑 = arctan (
9𝑥

8𝑦
)                      (66) 

 The angle of the surface normal is then simply equal to φ + 90°.  Now that the 

angle of the surface normal at any co-ordinate on the hyperbola is known, the 

rays and their paths can be traced. This is achieved by calculating the difference 

in angle (Δθ) between the incident ray (θr) and the surface normal, checking it is 

greater than θc, and if so multiplying this difference by 2 and plotting a straight 

line originating at the point (x, y) that travels at θTIR, the resulting angle subtracted 

from the initial incident angle. Mathematically this is given by: 

𝜃𝑇𝐼𝑅 =  90° + 𝜃𝑟 + 2𝜑           (67) 

 A code was generated in MATLAB and used to perform these calculations for 59 

incident rays entering at co-ordinates (-1.5 + 0.05n, 1.5) for n = 1 to 59 for all the 

values of θr given in the earlier table and resulting images were plotted in graph 

form (with the red lines corresponding to the incident refracted rays and the blue 

lines to the rays after undergoing TIR). The points of intersection between the 

straight line and the hyperbola and/or y-axis were found by solving a quadratic 

equation (with some small modifications to formulae made depending if the x-

coordinate of intersection was positive or negative). Starting with the θi = 0 case, 

and in order of ascending θi, these ray traces are shown in the following Figures 

163-171.  
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Figure 163: Ray trace for 0° angle of incidence.  

 

Figure 164: Ray trace for 10° angle of incidence. 
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Figure 165: Ray trace for 20° angle of incidence. 

 

Figure 166: Ray trace for 30° angle of incidence. 
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Figure 167: Ray trace for 40° angle of incidence. 

 

Figure 168: Ray trace for 50° angle of incidence. 
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Figure 169: Ray trace for 60° angle of incidence. 

 

Figure 170: Ray trace for 70° angle of incidence. 
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Figure 171: Ray trace for 80° angle of incidence. 

 Following the production of these graphical models, the estimated optical 

efficiency can then be calculated by counting the number of rays which reach the 

base of the concentrator and dividing by the total number of incident rays, 59. 

These are given in Table 120 and compared to earlier work by [39] for an SEH 

concentrator of the same profile using a much more advanced 3D model and 

software. 

Angle of incidence 
(θi) 

Rays that reach 
base 

Optical efficiency 
(%) 

Sellami et al.  
(%) 

0 29 49 52 

10 28 47 51 

20 28 47 49 

30 28 47 44 

40 27 46 43 

50 25 42 40 

60 22 37 33 

70 17 29 27 

80 15 25 22 

Table 120: Optical efficiency for the SEH concentrator from the 2D model at different 
angles of incidence compared to earlier work by Sellami et al [39]. 
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 Given this model’s simplicity and many assumptions (especially the lack of 

reflectance and transmittance considerations), the optical efficiency predictions 

obtained here fit fairly well with the previous work. In addition, the calculated 

optical efficiency can be used to determine a theoretical JSC at the different angles 

of incidence and compare against the experimental values obtained in 4.6. This 

is done by using the relation in which JSC conc is the JSC with the concentrator, ηopt 

the calculated optical efficiency in the above table, G the geometric concentration 

ratio (which in 3D is 3.534 but 3 in this case because of the 2D approach) and 

JSC no conc the JSC of the un-doped Sylgard coated cell without a concentrator as 

measured in chapter 3 at 36.33 mA/cm2.  

𝐽𝑆𝐶 𝑐𝑜𝑛𝑐 = 𝜂𝑜𝑝𝑡 𝐺 𝐽𝑆𝐶 𝑛𝑜 𝑐𝑜𝑛𝑐  (68) 

 Provided ηopt G is greater than 1, the JSC of the LCPV cell will increase, which it 

does for a wide range of incident angles (up to 40°) as shown by the modelled 

JSC outputs for each angle of incidence in Table 121. This wide acceptance of 

incoming light highlights the concentrator design’s practical applications. Figure 

172 gives a graphical comparison of the model to the experimentally observed 

data. At high angles (60-80°) they correlate very well, align reasonably from (20-

50°) but show growing deviations at smaller angles (especially at 0° where the 

experimentally measured value is over 30% greater than that from the model). 

The differences could stem from an over-simplified model, i.e. one that neglects 

secondary TIR rays which could contribute to a relatively larger portion of light 

reaching the cell at near normal illumination conditions.  

Angle of incidence (θi) Model JSC (mA/cm2) Expt. JSC (mA/cm2) 

0 53.571 71.970 

10 50.938 59.612 

20 48.605 54.509 

30 44.794 49.991 

40 38.208 40.759 

50 29.685 32.389 

60 20.320 20.205 

70 10.741 12.434 

80 4.812 4.880 

Table 121: The JSC predicted by the ray trace model and as measured experimentally 
for the un-doped LCPV modules under 1 sun of light at varying angles of incidence. 
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Figure 172: Graphical representation of the JSC predicted by the ray trace model 
and as measured experimentally for the un-doped LCPV modules under 1 sun 

of light at varying angles of incidence. 

 Nevertheless, this approach has yielded reasonable estimates for the optical 

efficiency and electrical performance characteristics of the LCPV modules 

without any rare earth doped compound particles. However, ideally it should be 

possible to emulate this behaviour as well using a similar method and the 2D 

model presented so far provides a useful basis for this going forward (justified by 

its predicted optical efficiencies). Therefore, the model was further developed 

(under the same assumptions) by dividing the concentrator into 5 horizontal slices 

and placing the rare earth doped particles as discrete points (at vertical intervals 

of 0.3 and horizontal intervals of 0.15), treating these as ‘absorption/emission 

centres’ for which any passing ray, the nearest neighbour particle would describe 

its optical behaviour. The distribution of these points is given in Figure 173. For 

modelling the homogenous concentrator, they would all be used, whereas for the 

top and bottom doped concentrators, only the y = 1.35 or y = 0.15 points would 

be used respectively.  
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Figure 173: The positions of the absorption-emission centres within 5 horizontal slices 
that form the basis of the doped SEH concentrator model.  

  Using this geometrical layout, it was then necessary to calculate the 

probabilities for rays emitted from the respective point to reach the base of the 

concentrator and hence solar cell. This could happen both directly after the ray is 

emitted or following one TIR event. To calculate the probably of directly reaching 

the base of the concentrator, trigonometry, including the cosine and sine rule, 

was used to determine the angles of the triangle ABC where B is the co-ordinate 

of the emission event and A and C are (-0.5, 0) and (0.5, 0) respectively. The 

angle at point B divided by 360 would yield the probability of a randomly emitted 

ray of light reaching the base of the concentrator directly without the need for TIR. 

Due to the symmetry of the system, these calculations only need to be carried 

out for one horizontal half of the concentrator (i.e. for x ≥ 0). These values are 

presented as percentages in Table 122.  
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x / y 0.15 0.45 0.75 1.05 1.35 

0 40.72% 26.67% 18.72% 14.15% 11.29% 

0.15 39.94% 25.88% 18.31% 13.94% 11.18% 

0.30 37.93% 23.50% 17.16% 13.36% 10.85% 

0.45 28.48% 19.72% 15.42% 12.46% 10.35% 

0.60 - 13.67% 13.38% 11.36% 9.71% 

0.75 - - 10.34% 9.45% 8.97% 

0.90 - - - 8.32% 7.67% 

1.05 - - - 6.16% 6.46% 

1.20 - - - - 5.05% 

1.35 - - - - 4.09% 

Table 122: Probability of emission that originates at the co-ordinate in the table directly 
reaching the solar cell at the exit aperture of the SEH concentrator. 

 Next it was necessary to calculate the percentage of emission from a particle 

that would reach the base after a single TIR event. These were calculated by an 

additional set of ray traces performed in MATLAB that plotted straight lines 

through each emission centre at inclinations from 0° to 180° in intervals of 1° to 

cover all possible directions of spectrally converted radiation. Then as before, if 

these rays hit the sides of the concentrator at an angle greater than θc, they were 

reflected by that angle and a new line plotted. Finally, from observation, the 

amount of these TIR rays reaching the base of the concentrator could be counted 

and divided by 360 to give a probability of an emitted photon arriving at the exit 

aperture via TIR following an absorption event. These values are shown for each 

particle co-ordinate in Table 123 and the overall probabilities of emission reaching 

the solar cell directly or via TIR (whose elements are the sum of the elements in 

Table 122 and 123) are shown in Table 124.  

x / y 0.15 0.45 0.75 1.05 1.35 

0 0% 0% 2.78% 3.33% 3.33% 

0.15 0% 0.56% 3.06% 3.06% 3.61% 

0.30 0% 2.78% 3.33% 3.06% 3.06% 

0.45 5.56% 5.00% 3.61% 3.06% 2.78% 

0.60 - 6.67% 3.89% 3.06% 2.78% 

0.75 - - 4.72% 3.33% 2.22% 

0.90 - - - 3.33% 2.50% 

1.05 - - - 4.72% 2.78% 

1.20 - - - - 2.50% 

1.35 - - - - 3.89% 

Table 123: Probability of emission that originates at the co-ordinate in the table 
indirectly reaching the solar cell at the exit aperture of the SEH concentrator via one 

TIR event. 
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x / y 0.15 0.45 0.75 1.05 1.35 

0 40.72% 26.67% 21.50% 17.48% 14.62% 

0.15 39.94% 25.88% 21.37% 17.00% 14.79% 

0.3 37.93% 23.50% 20.49% 16.42% 13.91% 

0.45 34.04% 19.72% 19.03% 15.52% 13.13% 

0.6 - 13.67% 17.27% 14.42% 12.49% 

0.75 - - 15.06% 12.78% 11.19% 

0.9 - - - 11.65% 10.17% 

1.05 - - - 10.88% 9.24% 

1.2 - - - - 7.55% 

1.35 - - - - 7.98% 

Table 124: Total probability of emission that originates at the co-ordinate in the table 
reaching the solar cell at the exit aperture of the SEH concentrator directly or via one 

TIR event. 

 This data could then be used to calculate the fraction of light that reaches the 

solar cell for different doping configurations of concentrator, and hence build a 

model to predict their optical efficiency and photovoltaic performance behaviour. 

Moreover, some additional assumptions were added: no-reabsorption of emitted 

radiation, no change in reflectance or refractive index from the addition of 

particles, each emission event takes place at the closest co-ordinate in Table 124 

to the midpoint of the path of the ray through the doped portion of the concentrator 

and the iPLQYs for each material are those derived in 6.4.1 (100% for Sr4Al14O25: 

Eu2+, Dy3+ and 90% for NaYF4: Er3+, Yb3+), meaning for NaYF4: Er3+, Yb3+ 

emission an additional factor of 0.9 must be multiplied to the values in Table 124, 

and, finally, only the case of normally incident rays is considered. 

 As an initial trial model, the ideal case of 100% absorbance by Sr4Al14O25: Eu2+, 

Dy3+ (due to its higher iPLQY) at an arbitrary excitation wavelength was 

considered since this would be the optimal scenario for a LDS material (high 

absorbance in the area of low EQE and high emission in the area of high EQE). 

The rays were traced as per the instructions of this model, to give an output 

probability of the initial ray reaching the exit aperture Preach, from entry co-

ordinates of x = 0 to x = 1.45 in intervals of 0.05. These outputs are displayed 

graphically in Figure 174. Again, due to the symmetry of the problem, these 

calculations only needed to be carried out for one side of the concentrator.  
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Figure 174: Probabilities of a ray of arbitrary λem entering at the x co-ordinate reaching 
the exit aperture for the control (un-doped), homogenously doped, top doped and 

bottom doped Sr4Al14O25: Eu2+, Dy3+ SEH concentrators. 

 Following the same procedure as before (considering ηopt as the fraction of 

incidents rays reaching the exit aperture), the following formula and above graph 

could be used to determine the optical efficiencies for each concentrator at the 

excitation wavelength, which are shown in Table 125.  

𝜂𝑜𝑝𝑡 =
1

59
(𝑃𝑟𝑒𝑎𝑐ℎ (𝑥 = 0) + 2 ∑ 𝑃𝑟𝑒𝑎𝑐ℎ(𝑥 = 0.05𝑛)

𝑛=29

𝑛=1

) 

 (69) 

Concentrator type ηopt (%) 

Control (un-doped) 49.15 

Base doped 21.04 

Top doped 11.60 

Homogenously doped 18.58 

Table 125: Predicted optical efficiencies of the control (un-doped), homogenously 
doped, top doped and bottom doped SEH concentrators. 

 In this instance, and perhaps unsurprisingly given the higher probability values 

for its emission reaching the solar cell, of the three doped concentrators, the 

bottom doped concentrator had the highest optical efficiency. Although the top 

and homogenously doped performed better for close to the edge rays, it could 

not compensate for their poor performance to light entering through the centre of 

the concentrator. However, the data is also telling and unfortunate in that it shows 
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the control concentrator has the highest optical efficiency (still while 100% 

absorption takes place). Even considering the difference in EQE between the 

absorption and emission wavelength, the bottom doped concentrator cannot 

increase cell performance in these conditions. To prove this, JSC enhancements 

can be calculated by considering the photon flux at the base of the concentrator. 

For spectrally converted radiation, the photon flux at the emitted wavelength 

φ’(λem) is determined by the following equation, where φ(λabs) is the absorption 

wavelength photon flux under AM 1.5 G (given by the relation in 6.4.1), G = 3 and 

ηopt = 0.2104.  

𝜑′(𝜆𝑒𝑚) = 𝜂𝑜𝑝𝑡𝐺𝜑(𝜆𝑎𝑏𝑠)                      (70) 

This value can be then be used to determine ΔJSC(λem) with the following relation 

(as before Δλ = 10 nm and e is the fundamental charge): 

𝛥𝐽𝑆𝐶(𝜆𝑒𝑚) = 𝑒𝛥𝜆𝜑′(𝜆𝑒𝑚)𝐸𝑄𝐸𝑟𝑒𝑓(𝜆𝑒𝑚)                   (71) 

Next this can be compared to the ΔJSC from the lost transmittance at λabs given 

for 100% absorbance by: 

𝛥𝐽𝑆𝐶(𝜆𝑎𝑏𝑠) = −0.4915 ∗ 𝑒𝛥𝜆𝜑(𝜆𝑎𝑏𝑠)𝐸𝑄𝐸𝑟𝑒𝑓(𝜆𝑎𝑏𝑠)      (72) 

 So for example, considering Sr4Al14O25: Eu2+, Dy3+ base doped concentrators, if 

λabs = 400 nm (where EQEref = 0.7329) and λem = 500 nm (EQEref = 0.8382), the 

JSC enhancement from 500 nm emission (+0.18mA/cm2) will be less than the JSC 

decrement from decreased 400 nm transmittance which is 0% from the 100% 

absorbance of the rare earth compound (-0.38 mA/cm2), resulting in a net 

curtailment in device performance of -0.20 mA/cm2. In fact, a condition for net 

enhancement can be derived such that the EQE of the bare cell in the region of 

the spectral conversion emission must be greater than that in the region of 

absorption by more than a factor of the optical efficiency of the plain concentrator 

divided by that of the doped concentrator.  

𝐸𝑄𝐸𝑟𝑒𝑓(𝜆𝑒𝑚)

𝐸𝑄𝐸𝑟𝑒𝑓(𝜆𝑎𝑏𝑠)
>

 𝜂𝑜𝑝𝑡 𝑢𝑛−𝑑𝑜𝑝𝑒𝑑

 𝜂𝑜𝑝𝑡 𝑑𝑜𝑝𝑒𝑑
  (73) 

 Therefore, it can be seen that in this model, the coupled solar cell would have to 

have an EQE in the absorption range at least 42.8% relatively lower than in the 

emission part of the spectrum in order to increase JSC under this model. As a 
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corollary, in an alternate LSC design with this same reference silicon cell and rare 

earth compound, the ηopt of the doped concentrator would have to be 86.4% that 

of the un-doped concentrator for performance to theoretically improve.  

 To build on and improve this model, one as yet neglected factor will now be 

considered; the absorption coefficients of the materials in the concentrator 

(including the polyurethane medium) and wavelength dependent optical 

efficiencies. This more complex model will use at its core the Beer-Lambert law 

of absorption in a similar vein to the Rothemund model and introduce absorption 

coefficients of the un-doped concentrator (αconc), Sr4Al14O25: Eu2+, Dy3+ doped 

concentrator (αSrAl) and NaYF4: Er3+, Yb3+ doped concentrator (αNaY). For 

simplicity, their values were only considered at 400 nm and 410 nm and these 

coefficients (shown in Table 126) were calculated from the transmittance spectra 

in 4.3 by a simple formula rearrangement and assuming a path length of 1.5 cm 

(the height of the concentrator as the beam was sent through its centre). All other 

wavelengths (420 nm and above) were considered to be transparent to doped 

and un-doped concentrators as before. This assumption is semi-empirically 

justified as the concentrators, both doped and un-doped, displayed a near 

constant transmittance above 420 nm where for simplicity they are assumed to 

be 100% transparent. The absorption coefficients are also assumed to be 

constant over the same 10 nm interval as like the EQE, αconc, αSrAl and αNaY are 

constant between 400-410 nm with the value for 400 nm and the same for 410-

420 nm with the value for 410 nm.  

Material absorption coefficient 
(cm-1) / wavelength (nm) 

400 410 

Un-doped concentrator, αconc 2.01 0.57 

Sr4Al14O25: Eu2+, Dy3+ doped 
concentrator, αSrAl 

2.46 1.11 

NaYF4: Er3+, Yb3+ 

doped concentrator, αNaY 
2.37 0.83 

Table 126: Calculated absorption coefficients for the un-doped concentrator, 
Sr4Al14O25: Eu2+, Dy3+ doped concentrator and NaYF4: Er3+, Yb3+ doped concentrator at 

400 and 410 nm. 

 With this information, probability-based calculations for the optical efficiency 

were constructed for each of the four concentrator types: the un-doped control, 

base doped, top doped and homogeneously doped. The latter three would need 
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to be evaluated twice, once for each rare earth doped compound. Moreover, they 

would all need to be done twice for each wavelength (400 nm and 410 nm). 

Additionally, this time the calculations had two components for the probability of 

photons reaching the base; the probability from spectral conversion events (Preach 

SC) and the probability from transmitted photons (Preach trans). These had to be 

carried out ray by ray along each path originating from the x co-ordinates of entry 

between 0 and 1.45.  

 First, analysing the plain concentrator, the simplest scenario as there are no 

spectral conversion materials, it is found Preach SC = 0 for all x and Preach trans (at 

wavelength λ = 400 or 410 nm) is given by: 

𝑃𝑟𝑒𝑎𝑐ℎ 𝑡𝑟𝑎𝑛𝑠(𝑥, 𝜆) = exp(−𝛼𝑐𝑜𝑛𝑐(𝜆)𝐿𝑐𝑜𝑛𝑐)                                  (74) 

 Here Lconc refers to the path length of the ray through the concentrator medium 

before it reaches the exit aperture. Trivially, Lconc = 1.5 for x values between 0 

and 0.5 and can be measured for the x = 0.55-0.7 rays, while clearly, Preach trans = 

0 for x > 0.7.  

 Next, considering the top and bottom doped concentrators, Preach SC was 

determined by the following equation, yielding the probability each ray would 

reach the base via interaction with the rare earth compound.  

𝑃𝑟𝑒𝑎𝑐ℎ 𝑆𝐶(𝑥, 𝜆) = 𝑃𝑡𝑟𝑎𝑛𝑠 𝑐𝑜𝑛𝑐 (𝜆)𝑃𝑎𝑏𝑠 𝑅𝐸  (𝜆)𝜂𝑃𝐿 𝑃𝑟𝑒𝑎𝑐ℎ 𝑒𝑚      (75) 

 

 As in 6.4.1, ηPL refers to the iPLQY of the rare earth compound, taken as 1 for 

Sr4Al14O25: Eu2+, Dy3+ and 0.9 for NaYF4: Er3+, Yb3+. Preach em is the probability that 

the absorbed and emitted radiation reaches the base of the concentrator. It is 

given simply by the value in Table 124 for the co-ordinate that is the nearest 

neighbour to the midpoint of the ray in that layer. Ptrans conc is the probability that 

the ray will be transmitted through the concentrator medium before arriving at the 

doped region. For the top doped concentrator, Ptrans conc always equals unity 

whereas for the base doped concentrator, it’s given by exp(-αconc(λ)Lconc) where 

Lconc is the path length of the ray before it reaches the y = 0.3 boundary. Finally, 

Pabs RE is the probability that the ray is absorbed by the rare earth doped region. 

It is given by:  

𝑃𝑎𝑏𝑠 𝑅𝐸(𝜆) = 1 − exp(−𝛼𝑅𝐸(𝜆)𝐿𝑅𝐸)                             (77) 
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 In this expression LRE is the path length of the ray through the doped layer. For 

the top and bottom doped concentrators, these calculations were trivial for x = 0 

to x = 0.5 with LRE = 0.3 for both categories and Lconc = 1.2 for the bottom doped 

concentrator. Higher x co-ordinates needed more attention to detail though, by 

carefully measuring the path length through each material sector and locating the 

corresponding midpoint from which the variable Preach em would be based. It should 

also be noted unlike Preach trans, Preach SC can have contributions from x > 0.7. Preach 

trans for the top and bottom doped concentrators is given by the below expression, 

with path lengths through each material found using the same logic and only 

considering rays that reach the exit aperture; it is evident that Preach trans will be 

the same for x=0 to x=0.5 for the top and bottom doped concentrators.   

𝑃𝑟𝑒𝑎𝑐ℎ 𝑡𝑟𝑎𝑛𝑠(𝑥, 𝜆) = exp(−𝛼𝑅𝐸(𝜆)𝐿𝑅𝐸 − 𝛼𝑐𝑜𝑛𝑐(𝜆)𝐿𝑐𝑜𝑛𝑐)                  (78) 

 Finally, for the homogenously doped concentrator, a new approach was used 

that took account for absorption being able to occur in five slices. A modified 

version of the earlier equation for Preach SC was used (like the top doped 

concentrators, Ptrans conc = 1) but Pabs RE was modified as such (for descending 

layers 1-5, with α = αRE and Ln the optical path of the ray through the nth layer).   

𝑃𝑎𝑏𝑠 𝑅𝐸 = 𝑃𝑎𝑏𝑠 𝑙𝑎𝑦𝑒𝑟 1 + 𝑃𝑎𝑏𝑠 𝑙𝑎𝑦𝑒𝑟 2 + 𝑃𝑎𝑏𝑠 𝑙𝑎𝑦𝑒𝑟 3 + 𝑃𝑎𝑏𝑠 𝑙𝑎𝑦𝑒𝑟 4 + 𝑃𝑎𝑏𝑠 𝑙𝑎𝑦𝑒𝑟 5   (79) 

Using conditional probabilities, the absorption probability for each layer is given 

by the following: 

𝑃𝑎𝑏𝑠 𝑙𝑎𝑦𝑒𝑟 1 =  (1 − 𝑒−𝛼𝐿1)                                 (80) 

𝑃𝑎𝑏𝑠 𝑙𝑎𝑦𝑒𝑟 2 =  𝑒−𝛼𝐿1(1 − 𝑒−𝛼𝐿2)                       (81) 

𝑃𝑎𝑏𝑠 𝑙𝑎𝑦𝑒𝑟 3 =  𝑒−𝛼(𝐿1+𝐿2)(1 − 𝑒−𝛼𝐿3)             (82) 

𝑃𝑎𝑏𝑠 𝑙𝑎𝑦𝑒𝑟 4 =   𝑒−𝛼(𝐿1+𝐿2+𝐿3)(1 − 𝑒−𝛼𝐿4)             (83) 

𝑃𝑎𝑏𝑠 𝑙𝑎𝑦𝑒𝑟 5 =  𝑒−𝛼(𝐿1+𝐿2+𝐿3+𝐿4)(1 − 𝑒−𝛼𝐿5)    (84) 

 After an absorption event in a given layer, its probability of reaching the solar cell 

is just given by the Preach em value of the co-ordinate closest to the mid-point of 

the ray path in that layer multiplied by ηPL. Therefore, the probability of an incident 

ray reaching the solar cell via spectral conversion from a given layer is: 

𝑃𝑟𝑒𝑎𝑐ℎ 𝑆𝐶 𝑙𝑎𝑦𝑒𝑟 𝑛(𝑥, 𝜆) = 𝜂𝑃𝐿𝑃𝑎𝑏𝑠 𝑅𝐸 𝑙𝑎𝑦𝑒𝑟 𝑛 𝑃𝑟𝑒𝑎𝑐ℎ 𝑒𝑚  (85) 
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Lastly, these can be summed over all layers to give the total probability that an 

incident ray will arrive at the exit aperture of the SEH concentrator.  

𝑃𝑟𝑒𝑎𝑐ℎ 𝑆𝐶 (𝑥, 𝜆) = ∑ 𝑃𝑟𝑒𝑎𝑐ℎ 𝑆𝐶 𝑙𝑎𝑦𝑒𝑟 𝑛

𝑛=5

𝑛=1

 

      (86) 

 Fortunately, Preach trans for the homogenously doped concentrator was much 

simpler to calculate (since it is not of importance where the light is absorbed) and 

is given by: 

𝑃𝑟𝑒𝑎𝑐ℎ 𝑡𝑟𝑎𝑛𝑠(𝑥, 𝜆) = exp(−𝛼𝑅𝐸(𝜆)𝐿𝑅𝐸)            (87) 

 With the derived equations, it is now possible to run these calculations for the 

relevant values of x and the resultant probabilities are shown for all concentrator 

configurations and both wavelengths in Figures 175-178. Furthermore, the 

probabilities could be summed (in the way denoted by the two equations below, 

taking account of the symmetry) to give the spectral conversion component of the 

optical efficiency (ηopt SC) of the concentrator (i.e. the fraction of the excitation 

wavelength radiation at the entrance of the concentrator reaching the base of the 

concentrator with a higher wavelength) and the transmitted radiation component 

of the optical efficiency (ηopt trans) for each wavelength.  

𝜂𝑜𝑝𝑡 𝑠𝑐 =
1

59
(𝑃𝑟𝑒𝑎𝑐ℎ 𝑆𝐶(𝑥 = 0) + 2 ∑ 𝑃𝑟𝑒𝑎𝑐ℎ 𝑆𝐶(𝑥 = 0.05𝑛)

𝑛=29

𝑛=1

) 

(88) 

𝜂𝑜𝑝𝑡 𝑡𝑟𝑎𝑛𝑠 =
1

59
(𝑃𝑟𝑒𝑎𝑐ℎ 𝑡𝑟𝑎𝑛𝑠(𝑥 = 0) + 2 ∑ 𝑃𝑟𝑒𝑎𝑐ℎ 𝑡𝑟𝑎𝑛𝑠(𝑥 = 0.05𝑛)

𝑛=29

𝑛=1

) 

(89) 

 Excitingly, these optical efficiencies could then be used to determine photon 

fluxes and effects on doped concentrator LCPV device JSC relative to the control. 

Again, this was done in two components, for the spectrally converted and 

transmitted radiation. For spectrally converted radiation with λabs = 400 nm and 

410 nm, and λem = 500 for Sr4Al14O25: Eu2+, Dy3+ and 660 nm for NaYF4: Er3+, 

Yb3+, these are calculated by:   
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𝜑′(𝜆𝑒𝑚) = 𝜂𝑜𝑝𝑡 𝑆𝐶𝐺𝜑(𝜆𝑎𝑏𝑠)     (90) 

𝛥𝐽𝑆𝐶 𝑆𝐶(𝜆𝑎𝑏𝑠) = 𝑒𝛥𝜆𝜑′(𝜆𝑒𝑚)𝐸𝑄𝐸𝑟𝑒𝑓(𝜆𝑒𝑚)  (91) 

 In the above relation, because both materials are transparent at λem, the JSC 

contribution from φ(λ) at that wavelength is the same for control and doped 

devices in this model so does not need to be calculated.  While for transmitted 

radiation, to know the change in JSC does require comparison to the un-doped 

control concentrator as the absorption coefficients vary, and is yielded from the 

evaluation of: 

𝜑′
𝑑𝑜𝑝𝑒𝑑

(𝜆𝑎𝑏𝑠) = 𝜂𝑜𝑝𝑡 𝑡𝑟𝑎𝑛𝑠 𝑑𝑜𝑝𝑒𝑑𝐺𝜑(𝜆𝑎𝑏𝑠)       (92) 

𝜑′
𝑢𝑛−𝑑𝑜𝑝𝑒𝑑

(𝜆𝑎𝑏𝑠) = 𝜂𝑜𝑝𝑡 𝑡𝑟𝑎𝑛𝑠 𝑢𝑛−𝑑𝑜𝑝𝑒𝑑𝐺𝜑(𝜆𝑎𝑏𝑠)      (93) 

𝛥𝐽𝑆𝐶 𝑡𝑟𝑎𝑛𝑠(𝜆𝑎𝑏𝑠) = 𝑒𝛥𝜆𝐸𝑄𝐸𝑟𝑒𝑓(𝜆𝑎𝑏𝑠) (𝜑′
𝑑𝑜𝑝𝑒𝑑

(𝜆𝑎𝑏𝑠) − 𝜑′
𝑢𝑛−𝑑𝑜𝑝𝑒𝑑

(𝜆𝑎𝑏𝑠)) (94) 

The total ΔJSC for each material is then given by: 

𝛥𝐽𝑆𝐶 = 𝛥𝐽𝑆𝐶 𝑆𝐶  (𝜆𝑎𝑏𝑠 = 400) + 𝛥𝐽𝑆𝐶 𝑡𝑟𝑎𝑛𝑠 (𝜆𝑎𝑏𝑠 = 400) 

+ 𝛥𝐽𝑆𝐶 𝑆𝐶  (𝜆𝑎𝑏𝑠 = 410) + 𝛥𝐽𝑆𝐶 𝑡𝑟𝑎𝑛𝑠 (𝜆𝑎𝑏𝑠 = 410)     (95) 

So, if ΔJSC SC + ΔJSC trans > 0, over the aggregate of both wavelengths, then the 

JSC of the LCPV device will increase through the use of that concentrator type. 

The results of these calculations are given at each wavelength in Tables 127-130 

and the overall effect on LCPV device JSC in Tables 131 and 132. Furthermore, 

this model’s predicted relative JSC enhancements are compared to data observed 

under the solar simulator and displayed graphically in Figures 179-180.  
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Figure 175: Probabilities of a 400 nm ray entering at the x co-ordinate reaching the exit 
aperture for the control (un-doped), homogenously doped, top doped and bottom 

doped Sr4Al14O25: Eu2+, Dy3+ SEH concentrators. 

 

 

Figure 176: Probabilities of a 410 nm ray entering at the x co-ordinate reaching the exit 
aperture for the control (un-doped), homogenously doped, top doped and bottom 

doped Sr4Al14O25: Eu2+, Dy3+ SEH concentrators. 

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0 0.2 0.4 0.6 0.8 1 1.2 1.4

P
 r

ea
ch

x co-ordinate of entry

Sr4Al14O25: Eu2+, Dy3+ at 400 nm

B sc

B t

T sc

T t

H sc

H t

C

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0 0.2 0.4 0.6 0.8 1 1.2 1.4

P
 r

ea
ch

x co-ordinate of entry

Sr4Al14O25: Eu2+, Dy3+ at 410 nm

B sc

B t

T sc

T t

H sc

H t

C



311 
 

 

Figure 177: Probabilities of a 400 nm ray entering at the x co-ordinate reaching the exit 
aperture for the control (un-doped), homogenously doped, top doped and bottom 

doped NaYF4: Er3+, Yb3+ SEH concentrators. 

 

 

 

Figure 178: Probabilities of a 410 nm ray entering at the x co-ordinate reaching the exit 
aperture for the control (un-doped), homogenously doped, top doped and bottom 

doped NaYF4: Er3+, Yb3+ SEH concentrators. 
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Concentrator 
type 

ηopt SC  
(%) 

ηopt trans (%) 
Δ JSC SC 

(mA/cm2) 
Δ JSC trans 

(mA/cm2) 

Control - 2.10 - - 

Bottom 0.91 1.80 +0.008 -0.002 

Top 6.74 1.83 +0.061 -0.002 

Homogenous 13.63 1.04 +0.123 -0.008 

Table 127: Optical efficiency components and effect on JSC for the control (un-doped), 
bottom doped, top doped and homogenously doped Sr4Al14O25: Eu2+, Dy3+ 

concentrators at 400 nm irradiance. 

Concentrator 
type 

ηopt SC  
(%) 

ηopt trans (%) 
Δ JSC SC 

(mA/cm2) 
Δ JSC trans 

(mA/cm2) 

Control - 19.87 - - 

Bottom 3.24 16.39 +0.028 -0.027 

Top 4.08 16.87 +0.035 -0.023 

Homogenous 14.05 8.45 +0.122 -0.088 

Table 128: Optical efficiency components and effect on JSC for the control (un-doped), 
bottom doped, top doped and homogenously doped Sr4Al14O25: Eu2+, Dy3+ 

concentrators at 410 nm irradiance. 

Concentrator 
type 

ηopt SC  
(%) 

ηopt trans (%) 
Δ JSC SC 

(mA/cm2) 
Δ JSC trans 

(mA/cm2) 

Control - 2.10 - - 

Bottom 0.80 1.86 +0.007 -0.002 

Top 5.94 1.88 +0.055 -0.002 

Homogenous 12.34 1.20 +0.114 -0.007 

Table 129: Optical efficiency components and effect on JSC for the control (un-doped), 
bottom doped, top doped and homogenously doped NaYF4: Er3+, Yb3+ concentrators at 

400 nm irradiance. 

Concentrator 
type 

ηopt SC  
(%) 

ηopt trans (%) 
Δ JSC SC 

(mA/cm2) 
Δ JSC trans 

(mA/cm2) 

Control - 19.87 - - 

Bottom 2.30 18.07 +0.020 -0.014 

Top 2.97 18.35 +0.026 -0.012 

Homogenous 11.93 13.12 +0.106 -0.052 

Table 130: Optical efficiency components and effect on JSC for the control (un-doped), 
bottom doped, top doped and homogenously doped NaYF4: Er3+, Yb3+ concentrators at 

410 nm irradiance. 

Concentrator 
type 

Expt. JSC 

(mA/cm2) 
Expt. Δ JSC 

(%) 
Mod. JSC 

(mA/cm2) 
Mod. Δ JSC 

(%) 

Control 71.970 - 45.686 - 

Bottom 75.243 +4.55 45.693 +0.02 

Top 75.168 +4.44 45.757 +0.16 

Homogenous 69.976 -2.77 45.835 +0.33 

Table 131: Total predicted effect on JSC for the bottom doped, top doped and 
homogeneously doped Sr4Al14O25: Eu2+, Dy3+ concentrators compared to the control 

alongside the experimentally observed JSC data. 
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Concentrator 
type 

Expt. JSC 

(mA/cm2) 
Expt. Δ JSC 

(%) 
Mod. JSC 

(mA/cm2) 
Mod. Δ JSC 

(%) 

Control 71.970 - 45.686 - 

Bottom 70.049 -2.67 45.698 +0.03 

Top 72.296 +0.45 45.754 +0.15 

Homogenous 73.454 +2.06 45.847 +0.35 

Table 132: Total predicted effect on JSC for the bottom doped, top doped and 
homogeneously doped NaYF4: Er3+, Yb3+ concentrators compared to the control 

alongside the experimentally observed JSC data. 

 

 

Figure 179: Predicted and observed relative JSC gains for the bottom, top and 
homogenously doped Sr4Al14O25: Eu2+, Dy3+ concentrators against the un-doped 

concentrators.  

 Firstly, and most importantly, the model showed JSC and by extension PCE, can 

increase as a result of spectral conversion in SEH concentrators due to the 

application of rare earth compounds (the first time this has been reported). The 

scale of this enhancement was calculated to be up to 0.16 mA/cm2 for the NaYF4: 

Er3+, Yb3+ doped concentrators and 0.15 mA/cm2 for the Sr4Al14O25: Eu2+, Dy3+ 

doped concentrators, relative increases of 0.35% and 0.33% respectively, both 

hypothesised for the homogenously doped configuration.  
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Figure 180: Predicted and observed relative JSC gains for the bottom, top and 
homogenously doped NaYF4: Er3+, Yb3+ concentrators against the un-doped 

concentrators. 

  It is seen from the predictions of this model that when the difference in 

transmittances of the materials are considered, the 400 nm excited spectral 

conversion contributes more to the ΔJSC than the process at 410 nm for all 

configurations except bottom doped NaYF4: Er3+, Yb3+. This is due to the 

absorption coefficient of the concentrator medium being relatively much smaller 

compared to that of the rare earth compounds at 410 nm than at 400 nm. The 

homogenously and top doped concentrators are able to utilise 400 nm and 410 

nm photons fairly well, but the bottom doped concentrator cannot, as not many 

of those photons are able penetrate ~1.2 cm of un-doped concentrator. This leads 

to a juxtaposition with the 100% absorbance-0% transmittance scenario, in that 

the bottom doped concentrator now performs by far the poorest, following the 

introduction of absorption coefficients. The top doped performs significantly better 

but still suffers from a low probability of its emission reaching the exit aperture. 

This means the homogenously doped concentrator becomes, theoretically, the 

strongest candidate for enhancing JSC with predicted rises roughly double that of 

the top doped configuration, due to the combination of its good absorption 

probability (because of longer optical paths) and emission occurring at lower y 

co-ordinates.  
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 Comparing the two rare earth compounds, NaYF4: Er3+, Yb3+ slightly outperforms 

Sr4Al14O25: Eu2+, Dy3+ but the difference is very small. The reason for this is 

primarily due to the lower transmittance of NaYF4: Er3+, Yb3+ at the 410 nm 

absorption wavelength, which means less of these photons are hampered from 

reaching the solar cell; for the homogenously doped concentrators at 410 nm, 

ΔJSC trans is -0.05 mA/cm2 for NaYF4: Er3+, Yb3+ but -0.09 mA/cm2 for Sr4Al14O25: 

Eu2+, Dy3+ which more than makes up for the lower ΔJSC SC for NaYF4: Er3+, Yb3+ 

because of its slightly lower absorption coefficient. This variable and the lower 

iPLQY are also partially compensated for by NaYF4: Er3+, Yb3+ producing a 

respectable ΔJSC SC due to its lower αRE leading to more emission taking place at 

lower y coordinates than Sr4Al14O25: Eu2+, Dy3+, where probabilities of emission 

reaching the cell are higher.   

 From contrasting the resulting relative change in JSC predictions with measured 

data from chapter 4, it is clear that the model has underestimated enhancements 

by an order of magnitude (two orders of magnitude in the case of the Sr4Al14O25: 

Eu2+, Dy3+ bottom doped concentrator). However, this does not mean the model 

was a futile exercise. The results were significant for NaYF4: Er3+, Yb3+ as they 

predicted the same order of ascending ΔJSC as the experimental data: bottom, 

top, homogenous. This further supports the findings of 6.3.1, in which through the 

statistical analysis, NaYF4: Er3+, Yb3+ doped concentrators had a high confidence 

level of truly increasing PCE.  Every device that saw JSC rise in reality, also had 

its predicted JSC increase, albeit by a smaller amount. Unfortunately the corollary 

was not true, since all doping regimes were expected to produce JSC 

enhancements but in the real measurements at 1 sun, bottom doped NaYF4: Er3+, 

Yb3+ and homogenously doped Sr4Al14O25: Eu2+, Dy3+ concentrator devices saw 

their JSC fall (the latter discrepancy could be due to neglecting absorption at 

higher wavelengths, which is more pronounced for this material). The lower 

enhancements could also be, like with 6.4.1, the EQEref being underestimated 

due to the heterogeneous light intensities between its determination and AM 1.5 

G.   

 Another flaw is apparent from the IPCE measurements for the LCPV devices 

which do show EQE enhancements at ~450 nm that are not permitted by this 

model. This suggests other avenues through which the performance was 

increasing, such as enhanced anti-reflective properties. To elucidate this point, 
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consider the equation for the reflectance (R) at the boundary between two media 

under normal irradiance conditions, where n0 is the refractive index of the material 

from which the light is travelling, and nm that of what it is travelling into [350].  

𝑅 =
(𝑛0−𝑛𝑚)2

(𝑛0+𝑛𝑚)2
   (96) 

 Given the refractive index for Crystal Clear 200 is 1.50, this means ~4% of the 

light is reflected at the boundary when light enters from air. However, if the 

refractive index were to reduce slightly upon the addition of a rare earth doped 

compound (to ~1.4), then for the top doped concentrator, the optical loss at the 

air boundary would reduce to 2.8%, followed by another 0.1% loss at the doped-

un-doped interface. This could result in a potential ΔJSC of approximately +1.1% 

from reduced reflective losses. Likewise, consider Sylgard 184, which actually 

has a refractive index of 1.41 at visible wavelengths. If this refractive index were 

to increase slightly (e.g. to 1.55) upon the addition of rare earth compound, it 

would reduce the reflection loss between the coating-silicon cell interface (which 

has a refractive index of 4.68 at 450 nm) from 28.8% to 25.2%. For non-

concentrating PV, when the air-coating boundary is factored in too, the higher 

refractive index doped Sylgard gives a greater fraction of incident 450 nm photons 

entering the solar cell, 71.4% vs 69.1% for the un-doped coating. Then, in LCPV 

devices, the un-doped concentrator medium having a refractive index of 1.5 could 

also act as a secondary anti-reflective layer, further increasing the 450 nm flux 

inside the silicon to 71.8% of the incident intensity (without even considering 

optical concentration); perhaps, a partial reason for the better performance of 

doped optical couplings whilst situated under an SEH concentrator. In addition, 

the refractive index of silicon falls with increasing wavelength, so this would 

explain why the spectral response is greater in the blue part of the spectrum. 

These as yet unconsidered aspects could, through further experimental 

characterisation and theoretical calculations, yield exciting prospects for the 

design and application of rare earth compound containing LCPV modules.  

6.5 Conclusion  

 In conclusion this chapter was a worthwhile endeavour to reinforce the 

mathematical foundations of the findings of this thesis. Excitingly, cost per watt 

compared to the control device was shown to decrease for silicon PV, silicon 

LCPV and DSSCs by up to 2.5%, 8.1% and 39.6% respectively. The powers per 
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area of the laboratory scale devices were then calculated to give wider context to 

the implications of efficiency enhancement via rare earth compound addition.  

 Then, the t and z tests showed a high level of confidence that rare earth 

compound doping truly did improve efficiency at a population level, as many 

devices that were the highest performing in chapter 4 showed levels of 

confidence above 99% that their sample mean was higher than that of the control 

group. However, for the coated PV cells featured in chapter 3, the statistical tests 

were less convincing with only two samples showing a confidence level above 

95%. Although this does support the notion that these methods are more effective 

in LCPV than non-concentrating PV.  

 The Rothemund optical model was deployed well to accurately predict the EQE 

profile of the rare earth doped Sylgard coated PV cells with low SSEs (~10-3) and 

high R2 (>0.96) values derived for most concentration levels. Despite this, it did 

not predict an overall JSC increase, potentially due to overestimating the decrease 

in EQE at higher wavelengths. Finally, the originally developed 2D ray trace 

model for the rare earth compound doped concentrators did predict enhanced 

performance (ΔJSC up to +0.35% relative to the control) and in the correct order 

of configurations for the NaYF4: Er3+, Yb3+ containing optics, but the predictions 

were not as great as what was observed experimentally (~4% increase in JSC). 

The shortcomings of both models owe to their simplicity and neglected effects, 

chiefly changes in reflectance from the addition of rare earth compounds.  
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Chapter 7. Conclusions and Future Outlook 

7.1 Chapter Summaries 

 Each chapter has presented some key ideas and findings which may be 

summarised as follows. 

 Chapter 1 conveyed the motivation for this work and current status of solar PV 

technology, which are presented along with the principles of how a single junction 

cell generates electricity and how modifying the incident spectrum could be a 

viable approach to increase device performance. 

 In chapter 2, the existing literature on spectral conversion is critically analysed 

and catalogued for a range of historical and state-of-the-art studies on various 

solar cell technologies, including silicon, thin-film and emerging PV; a maximum 

relative PCE enhancement of 70% was reported through simultaneous UC and 

DC in rare earth compounds for DSSCs (although in this case and many others, 

it was the dual functional nature of particles that was responsible for such a large 

increase compared to the control device). It was also seen that the use of 

nanoscale phenomena such as plasmonic resonance, photonic crystals and dye 

ligands can particularly aid the UC process efficiency for further developments. 

On the other hand, LDS has achieved considerable advances and demonstrates 

more immediate potential through LSCs. Finally, the cost aspects of spectral 

conversion and knowledge gaps were looked at, essentially concluding that small 

improvements in efficiency at a low change in the fabrication cost were the best 

way forward.  

 After introducing the materials and characterisation methods to form the basis of 

investigations in the first part of chapter 3, results from preliminary studies on 

coating silicon PV cells are presented. Adding the two rare earth compounds 

(Sr4Al14O25: Eu2+, Dy3+ and NaYF4: Er3+, Yb3+) in Sylgard in concentrations of 

0.25% to 2% w/w and coating the cells via drop casting was found to be most 

effective method; relative improvements in the PCE of up to 4.9% and 5.4% were 

attained for the 1% w/w doped NaYF4: Er3+, Yb3+ and 0.5% w/w Sr4Al14O25: Eu2+, 

Dy3+ layers respectively. It was also noted that at slightly lower irradiance (0.8 

suns), the enhancements were more pronounced, before being less so at 0.4 and 

0.6 suns.  
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 Then in chapter 4, a similar investigation was conducted but using SEH 

concentrators with BIPV applications to increase the light flux on the silicon PV 

cells via an optical coupling. Furthermore, the concentrators themselves were 

doped with the same rare earth doped compounds (at 0.1% w/w either 

homogenously throughout the concentrator, or at its top or bottom), a major 

innovation of this thesis. At 1 sun, it was found the greatest PCE enhancements 

were observed for the top and bottom Sr4Al14O25: Eu2+, Dy3+ doped SEH 

concentrators and the 1% w/w doped NaYF4: Er3+, Yb3+ optical coupling, which 

were 5.7%, 5.3% and 11.1% respectively. The relative PCE gains were again 

more pronounced at lower irradiances and the doped optical couplings showed a 

greater relative rise in performance than their analogues without SEH 

concentrators (up to 16.1% greater at 0.4 suns for 0.5% w/w doped NaYF4: Er3+, 

Yb3+ Sylgard). Finally, in this chapter, the effect of a varied angle of incidence 

was studied, and it was found the rare earth doped concentrators could still 

achieve PCE gains under these conditions, particularly at 60° and 80°, where the 

relative rises were greatest. 

 Next in chapter 5, the focus was shifted from silicon-based devices to the 

emerging PV technology of DSSCs. Firstly, the operating principles of a DSSC 

were discussed before different methods were described (by drawing from the 

literature) and attempted to best incorporate the rare earth compound powders 

into a layer. Following characterisation, it was the 18NR-AO TiO2/rare earth 

compound mixtures (drop casted at 25 or 50 μl) and counter electrode coated 

devices that exhibited the greatest enhancements in performance; maximum 

PCEs of 5.30% and 4.32% were recorded for the NaYF4: Er3+, Yb3+ (50 μl drop 

casted) and Sr4Al14O25: Eu2+, Dy3+ (doctor bladed counter electrode) devices 

compared to 3.46% for un-doped control. Although IPCE measurements were 

inconclusive to prove whether spectral conversion was the dominant 

phenomenon causing the superior behaviour, since EQE for the doped devices 

was not higher in the excitation wavelengths but instead across the visible 

spectrum. The same SEH concentrators were then shown to increase the power 

output of a control DSSC by up to 36.3% for the 0.1% bottom doped Sr4Al14O25: 

Eu2+, Dy3+ concentrator (despite its sub-optimal design for the photoactive area) 

and the key results from a collaborative study are presented which used new 

materials (porphyrin dye, carbon coated counter electrode, and Y2O3: Yb3+, Tm3+, 
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Ho3+ or Y2O3: Yb3+, Ho3+). The latter devices achieved higher PCE (by 10.3% 

relative with the addition of Y2O3: Yb3+, Tm3+, Ho3+) and remarkably improved 

stability in performance over 90 days due to decreased dye photo-degradation 

(the Y2O3: Yb3+, Tm3+, Ho3+ kept 40% of its initial PCE compared to just 5% for 

the control).  

 Lastly in chapter 6, a basic cost analysis from the price paid for the laboratory 

materials was conducted to show that cost per watt can be lowered by this 

approach in silicon PV, silicon LCPV and DSSCs. A statistical analysis was then 

carried out to analyse the raw PCE data of all the cells which made up an 

identically produced batch. Through a Welch’s t-test from the sample standard 

deviations and z-test using an estimated population standard deviation by 

considering the sources of uncertainty, confidence levels of the findings in 

chapter 3 and 4 were presented, and broadly agreed with. As a final exercise, 

two models were used (one prior developed by Rothemund et al [182] and one 

built from first principles) to justify the findings of the JSC enhancements of the 

coated PV cells and doped concentrator LCPV devices respectively. The former 

gave a well fitted EQE profile but did not predict JSC to increase, while the doped 

concentrators were predicted to lead to relative JSC enhancements of up to 0.35% 

for homogenous doping of NaYF4: Er3+, Yb3+ (an underestimate compared to 

observed data). Thus, it is concluded spectral conversion may not be the 

dominant process but part of a package of optical behaviours (including anti-

reflective properties) to be further explored and that would explain the superior 

PV and LCPV performances observed.  

7.2 Future Outlook 

 As a final thought exercise, it is necessary to recognise the limitations of this 

work and recognise the future potential of this approach, in order to aid 

subsequent studies and leave a meaningful imprint on the field of solar PV 

knowledge.  

 Two of the main limitations were the small sample size and fabrication process 

imperfections of the devices due to practical constraints. Using the maximum 

values rather than a mean, to draw the initial conclusions in chapters 3 and 4, 

could potentially have amplified outliers. Although in spite of this, and as shown 

through the chapter 6 statistical analysis, the results are still strongly indicative of 
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increased performance through the methods employed in this work. However, a 

larger repeated study would give even more confidence to this approach. 

 As well as a larger number of cells, another issue to explore that goes beyond of 

the scope of this work, would be the long term stability of these modules since a 

higher performance after initial device fabrication is admirable, but to be impactful 

would need to be maintained over the system’s working lifetime (typically 20 

years for silicon PV). This lifetime analysis could be done with accelerated light 

exposure using powerful LEDs [272]. Alternatively, a shorter term stability 

investigation could consist of a collection of substantially sized rare earth 

compound containing LCPV arrays with their power outputs monitored over one 

or more years to give annual generation yields, which would also answer 

important questions about how these systems perform under real sunlight 

conditions as compared to an indoor solar simulator. A further aspect that was 

not considered is temperature (important to be kept low for cell performance). If 

less UV photons are being absorbed, then less thermalisation will occur, so there 

could be a secondary beneficial effect on device temperature.  

 In addition, it might be of interest to construct LCPV modules with other types of 

cells. The ones provided by NAREC were mono-crystalline silicon which is falling 

in its status as the preferred wafer-based PV technology, so the use of multi-

crystalline cells with their lower costs and rising market share might be more 

appropriate for future studies. Additionally, multi-crystalline silicon displays a 

poorer response in the UV and blue regions of the spectrum, so would stand to 

gain more from LDS or DC of high of energy photons [351]. It was seen in chapter 

2 that thin-film cells such as CdTe suffer from the same low EQE at these 

wavelengths, so could also stand to benefit from these rare earth compounds.  

  With regards to emerging PV technologies, having successfully incorporated 

these materials with DSSCs, it would be logical to apply them to other types of 

cell, particularly PSCs due to their higher efficiency and them having a similar 

mesoporous TiO2 structure for one of their layers, so a similar mixing technique 

could be used. Although in the long term, it seems solid state DSSCs will have 

more potential for commercialisation than the liquid electrolyte devices featured 

in this thesis, so spectral conversion studies on the former category would be a 

worthy endeavour, especially on modules with flexible substrates and coming in 

a range of colours, two exciting properties for potential BIPV applications. Like 
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with the silicon modules, stability tests could be carried out and annual power 

output measured in real conditions for solid state DSSCs; spectral conversion 

could be particularly effective in this aspect since it could reduce the amount of 

UV light entering the system and degrading the cell (as shown by the 5.7 results). 

This could be alternatively achieved by coating the front electrode in ball milled 

Sr4Al14O25: Eu2+, Dy3+ and opting for a single crystal approach, although internal 

doping was chosen to be explored in chapter 5 because of higher efficiencies 

attained in the literature this way. On the other hand, the cell could be upside 

down, if the doctor bladed counter electrode can have a sufficiently high 

transparency, to act as a UV filter from that side. In addition, tandem emerging 

PV-silicon PV modules are expected to become more widespread, so spectral 

conversion could aid their performance too. 

 Concerning the concentrators, there is scope to use this method for different 

dimensions of the SEH. For example, the University of Exeter group has access 

to prototypes with higher geometric concentration ratios than the value of 3.5 

used in this work. These higher concentrating optics might find better practical 

applications, since they further reduce the area of cells required for the same 

power output, an important challenge in BIPV. In addition, concentrators with a 

smaller exit aperture (equal to that of the active area of the DSSC) can be 

combined with the emerging PV for more rigorous investigations on their effect 

on performance when spectral conversion materials are present.  

 The experiment could also be repeated with different types of 3D static 

concentrators such as the ones presented in 1.2.2 (e.g. compare she with CPC) 

or by using different optical media (i.e. replace either or both of Crystal Clear and 

Sylgard with alternatives presented in chapter 2 such as PMMA or even a 

biopolymer for added sustainability benefits). The optimal doping ratio could be 

further probed for the PV coating and optical couplings with smaller intervals in 

the range of 0.25% to 2% w/w, although it is unlikely necessary to go outside 

these upper and lower limits due to the best performing devices typically having 

a 0.5% or 1% concentration of the rare earth compound. However, variation in 

doping ratio was something that was not examined for the SEH concentrators in 

which the level was kept constant at 0.1% w/w (except the order of magnitude 

higher 1% w/w concentrators that were not suitably transparent on observation), 

so this could be further varied to, for example, 0.05% and 0.2% such that the 
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absorption coefficients change which may lead to further PCE enhancements for 

the PV cells below. More geometric doping designs could also be applied to the 

concentrators (e.g. thinner doped layers or a bottom and top doped design). 

DSSCs also had their rare earth compound content predominantly varied by 

amount dispensed (not weight percentage), so this could be a focus of follow up 

investigations, as well as dual region doping (e.g. at the counter electrode and 

mesoporous layer simultaneously).  

 A more advanced model in 3D rather than 2D that takes account of reflection, 

geometric scattering and more physical properties (e.g. the change in refractive 

index from the addition of impurities to the concentrator medium and accounts for 

scattering) would be a way to build the theoretical understanding and resolve the 

paradox of how the model in 6.4.2 predicts lower efficiencies in doped 

concentrators at illumination wavelengths of 420 nm and above, yet results from 

4.4 show the contrary to be true. Also, the DSSCs were not considered in any 

model, so could be explored theoretically (both in terms of light collection and 

charge transport).  

 Although other spectral conversion materials were excluded on grounds of cost 

or complexity to produce, comparing their performance to Sr4Al14O25: Eu2+, Dy3+ 

and NaYF4: Er3+, Yb3+ whilst in the same configurations together with a cost-

benefit analysis would be a useful exercise. Particular recommendations would 

be for the widely used Lumogen dyes and for an in situ synthesised NaYF4: Er3+, 

Yb3+ that demonstrates a stronger UC emission upon 980 nm illumination. In this 

latter activity, the state-of-the-art nanoscale phenomena could also be utilised, 

although the use of, for example, gold nanoparticles to achieve this could 

considerably increase fabrication costs, which is aimed to be avoided in this work.  

7.3 Concluding Remarks 

 In this chapter thus far, the key results and findings of each chapter have been 

presented while limitations of the investigations conducted and suggestions for 

areas of focus in futures studies have been discussed.  

 The novelty of this work is highlighted by the following: 

 First time Sr4Al14O25: Eu2+, Dy3+ has been applied to silicon PV cells 

 First time SEH concentrators have been doped with rare earth compounds 
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 Comparison between performance of doped layer on PV cell with and 

without concentrator 

 Evaluation of rare earth doped concentrators at a range of angles of 

incidence 

 First time Sr4Al14O25: Eu2+, Dy3+ has been applied to DSSCs 

 First time placement of a spectral conversion layer at the counter electrode 

 Cost analysis provided for these materials and implications for a 

commercial sized system 

 Originally developed a 2D ray trace model for spectral conversion within 

SEH concentrators  

 It is hoped that this thesis will serve as a useful leaf in the much larger tree of PV 

science and add impetus towards the drive for more efficient, low-cost LCPV and 

BIPV modules. Finally, it must be considered if the primary objective set out in 

chapter 1 (and repeated below) has been met.  

 Develop a cost-effective method for incorporating spectral conversion 

materials into established and emerging types of solar PV cells and 

technologies with the aim to increase efficiency and electrical power 

output.  

 The PCE has been enhanced for silicon based LCPV and DSSCs by up to 11.1% 

and 53.4% respectively, while analysis showed their costs per Wp fell by 8.1% 

and 39.6% through these materials and methods. So therefore, in this regard, it 

has certainly been successful in achieving the objective and surpassing the 5% 

PCE enhancement targeted in 1.5.7. Although to be self-critical, it is debatable 

how much these enhancements were entirely due to spectral conversion. On the 

one hand, the recorded EQE data for silicon devices (with greater EQE at 400-

450 nm) and 2D ray tracing model showed JSC (and by extension PCE) to 

increase through the LDS and DC of high energy photons. However, the 

Rothemund model predicted a small decrease in JSC and the EQE measurements 

for DSSC samples displayed increased spectral response across the whole 

visible spectrum not just the region of rare earth compound excitation. Likewise, 

even the SEH concentrator-silicon LCPV model proved it apparent that spectral 

conversion alone cannot increase the device performance at wavelengths above 

410 nm (contrary to the observed data). There are two possibilities for these 

inconsistencies. Firstly, that these discrepancies are due to experimental flaws 
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(e.g. small sample size and human error in fabrication) along with an 

oversimplified model. Or secondly, that these rare earth compounds actually can 

increase performance across a substantial range of visible wavelengths through 

other means (scattering, anti-reflective properties etc.). It could be argued that 

the exact mechanism is not the primary concern, i.e. the increased power output 

at a lower cost per Wp is the key desirable regardless of what is causing it and 

the dual functionality is an additional boon to performance. Although, as material 

scientists and physicists, a pure theory is a beautiful thing to appreciate and grow 

collective understanding, so should be the focus of follow up work. In addition, a 

model accounting for spectral dependence should be developed to formulate the 

long-term stability of such devices. This would include spectral variation due to 

the continuous solar position, influencing meteorological information and effects 

of the particulates in the atmosphere, all based on local data, to study the LCPV 

system behaviour in detail. 

 To conclude, while not the panacea it first appears, spectral conversion has been 

shown to be a viable option for enhancing the performance of LCPV, for both 

silicon and DSSC modules and merits further study that notes the 

recommendations made in 7.2.  
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