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A B S T R A C T  9 

The concentrator photovoltaic (CPV) system has a high potential in increasing the 10 

power output, propelling further the concentration ratio generating excessive heat that 11 

significantly deteriorates the solar cell efficiency and reliability. To thoroughly exploit 12 

graphene as a pre-illumination cooling technique for a solar cell, we experimentally 13 

characterized screen printed graphene coating (GC) physicochemical characterizations to 14 

observe the attenuation of light across a wide wavelength range with different GC thicknesses 15 

on a low iron-glass. The thermal and electrical characterizations were further executed to 16 

observe the performance of GC on a concentrated CPV system. Based on these comprehensive 17 

experimental characterizations, the concept of utilizing graphene as a neutral density (ND) 18 

filter for focal spot CPV system is shown to reduce the device temperature significantly by 19 

20% and 12% for GC6.3 (6.3µm thickness) and GC2.2 (2.2µm thickness) in comparison with the 20 

infrared filter, respectively. It has been observed that GC6.3 increased the cell efficiency by 21 

about 12% at 8suns compared to the base case at 400W/m2 producing 7suns.  It has been 22 

ascertained that the introduction of graphene as the ND filter component  improved the solar 23 
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cell efficiency instead of just reducing the geometrical concentration ratio. Further, even the 1 

most susceptible single-junction solar cell under a concentration ratio of ≈ 20suns with no 2 

cooling aid has shown an excellent cell efficiency. Therefore, our approach envisages its 3 

application for non-CPV and high and ultrahigh CPV system incorporated with a triple-4 

junction solar cell eliminate the use of external heat sinks or other cooling arrangements.  5 

Graphical abstract 6 

 7 

Keywords: graphene, single-junction solar cell, passive cooling, neutral density filter, optical 8 

density, Concentrator Photovoltaic.  9 

1. Introduction  10 

The function of the construction of a single junction solar cell is to convert radiation 11 

into direct electrical energy. The main issue with the photovoltaic (PV) cell is the energy of the 12 

bandgap, in which the photon energy must be greater than the energy of the bandgap to induce 13 

the photogeneration of charge carrier. The maximum theoretical conversion efficiency under 14 

one sun AM1.5 for a single-junction solar cell is described by Shockley and Queasier to not 15 

exceed 33.7% [1], where currently single-junction silicon-based solar cell proposes efficiency 16 

of 26.1% and 27.4% [2] for concentrated and non-concentrated solar irradiance, respectively. 17 
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The limitation of a single-junction solar cell in absorbing all the incident ray on the PV cell 1 

leads to intrinsic thermalization losses which is the cause of heat generation[3]. At 1sun, the 2 

outdoor operating temperature of a single-junction solar cell is typically around 55°C:[4–6] 3 

where increasing the concentration ratio might raise the thermal impact on the solar cell to be 4 

fatal (1200°C) at 400suns [7] with no cooling aid. This amount of heat harms the quality of 5 

generated electrical power and the durability of the cell [8,9]. The use of cooling techniques 6 

can offer a potential solution to avoid excessive heating of PV panels and to reduce cell 7 

temperature [10]. It can be inferred that both air and water cooling methods have been used to 8 

a large extent since they can provide additional thermal energy that can be used for different 9 

purposes.  10 

Post-illumination or pre-illumination heat extraction techniques are essential to 11 

maintain the solar cell performance and reliability for safe operation, especially toward high 12 

and ultrahigh concentration ratio. Post-illumination is the conventional solar cell cooling 13 

mechanism, including passive cooling and active cooling, which are mainly based on the 14 

engineering design concepts and heat transfer components: conduction, convection, and 15 

radiation [11]. In a passive cooling approach, a variety of heatsink dimensional 16 

configurations[12] are attempting to maintain the solar cell at safe operating conditions for a 17 

multi-junction solar cells (MJSCs)[13–17] which can be vulnerable to such high temperatures 18 

than single-junction silicon-based cells. On the contrary, active cooling has proven its 19 

competence in solar cell thermal management at the cost of a parasitic load especially by 20 

increasing the concentration ratio adding to the required load, the system complexity, and the 21 

overall system cost[18–22]. In pre-illumination, spectral decomposition[23,24] -including 22 

ultraviolet (UV), visible (VIS), and near-infrared (NIR) - for the solar spectrum tolerates 23 

bandpass and bandstop. These pre-illuminations mechanisms can lead to high cell conversion 24 

efficiencies bypassing the compatible photon energy to the PV cell and redirecting the photon 25 
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energy with energy more than the bandgap energy to reduce the cell temperature. Unique 1 

configurations including spectral beam splitting (SBS)[25], hot/or cold mirrors[26], 2 

holographic optics[27], and luminescent concentrator beam[28], have been mainly focusing on 3 

improving the cell efficiency relying on the required load of generation. This spatial pre-4 

illumination approach represents high efficiency in low concentration ratio applications, but it 5 

becomes a very complex approach with a high concentration ratio due to the tracking system. 6 

A clear area, where further improvements can be realized, is in the use of selective 7 

absorber coatings. Currently, available coating materials are still expensive, subject to 8 

degradation and not as efficient as their potential suggests [29–32]. Therefore, the development 9 

of sunlight absorbers with rational structure designs has become a popular research topic, 10 

because it has remarkable potential to improve efficiency. With a relatively simple generation 11 

process and enhanced optical absorption, carbon-based materials have low cost, reusability, 12 

and excellent light to heat conversion properties. The combination of maximum light 13 

absorption, high specific surface area, and greater thermal stability makes the carbon an 14 

effective solar heat absorber material. Graphene exhibits distinct differences from the other 15 

carbon nanomaterials in terms of its two-dimensional (2D) features which offers a wide range 16 

of interesting properties such as high charge mobilities, superior thermal conductivity, a high 17 

degree of transparency, as well as mechanical flexibility among other carbon allotropes.[33,34] 18 

Due to its flat elasectronic 2D band structure, it imparts an exceptional horizontal heat 19 

conductor with high thermal stability compared to conventional solar absorber coatings. This 20 

is due to the existence of the large aromatic network and extent of pi bond cloud which captures 21 

the electrons or ions during the diffusion and oxidation process; resulting in a broad Brillouin 22 

zone of band structure for the graphene [35–37]. Graphene absorbs and scatters photons at the 23 

upper band, and then a part of photons are transmitted to be incident on the solar cell, as 24 

schematically represented in Fig. 1. The high absorption capacity of graphene catalyzes strong 25 
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interaction between the electronic band of the graphene and incident sunlight results in a strong 1 

releasing of heat. A larger portion of the generated heat on the graphene surface is dissipated 2 

horizontally. For instance, graphene benefits from the high in-plane thermal conductivity, up 3 

to a certain channel length. However, weak thermal properties for the substrates implies that 4 

interfaces and contacts remain the significant dissipation bottlenecks. The heat generation 5 

mainly originates from the phonon-phonon coupling within the graphene electronic band 6 

structure [38,39].  7 

 8 

Fig. 1 Scheme of localized solar heating and light transmission of the graphene coating 9 

The concentrator photovoltaic system has a high potential for encouraging power output 10 

and reducing the cell size [40–42]. The progression of concentrated photovoltaic (CPV) 11 

configuration inclines to increase the concentration ratio and upsurge the competitiveness in 12 

the CPV system. This increment in concentration ratio results in minimizing the MJSC cost 13 

contribution to the overall system cost [43]. Although the increase of concentration ratio on the 14 

MJSC would produce more power despite their low efficiency beyond 1000suns, the expensive 15 

low internal resistance MJSC cannot overrun a temperature of 110°C [44].  Indeed, this 16 
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temperature influence will be excessive for single-junction solar cells. In order to address this 1 

issue, a neutral density (ND) filter is fabricated utilizing a graphene material to attenuate the 2 

transmittance of solar irradiance over a wide spectral band. The optical density (OD) of 3 

graphene material from colourless to dark in appearance regulates the amount of energy 4 

incident on the cell at which heat generated on the solar cell is controllable in inverse 5 

correlation with optical density. More recently, the concept of infrared (IR) filter [45,46] or 6 

heat-absorbing filters[47] has evolved into a photonic approach to perform a radiative cooling 7 

technique selectively exploiting sunlight with consideration for bandgap energy but with a 8 

reduction in cell temperature by 5.7°C [48].  Coinage metals, such as gold, silver, copper 9 

exhibits a high reflectance at the (NIR)[49] and are commonly utilized in ND filter. The 10 

standard method to fabricate a ND filter is by coating glass with a thin layer of materials with 11 

possessing a different material, such as Co, Fe, and Cr, with precise control of the alloy 12 

composition through a vacuum procedure [50–52]. 13 

Since the electrical products for the solar cell rely on the solar irradiance intensity, solar 14 

cell temperature, and the wavelength band, the influence of diverse colure filter was found in 15 

the literature [53]. Indeed, the PV module is influenced under a selective band of wavelength, 16 

and excellent performance was found for both blue and magenta. However, the highest 17 

electrical performance was found by subjecting all the wavelength band (no filter) on the PV 18 

module, and that can be attributed to the actuality of receiving the maximum solar irradiance 19 

in the lack of any filters. Besides that, the PV module temperature with no filters was not the 20 

maximum one in comparison to all sorts of coloured filters [54]. The utilization of coloured 21 

filter has undoubtedly resulted in the cut-off of light intensity intrinsic to the tint of the filter. 22 

Thus, in this study, graphene is used as a neutral density filter to attenuate the entire incident 23 

solar irradiance by uncomplicated characterization method (no power). 24 
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The integration of graphene in the CPV system specifically at the top of the front-grid 1 

metallization of triple junction III-V solar cells is studied for one graphene monolayer or two 2 

graphene monolayers. The utilization of graphene as a transparent electrode allows the series 3 

resistance mitigation. The simple concept is that one monolayer of graphene absorbs lights, 4 

causing a reduction of 1% in the change of the short circuit current (∆𝐼𝑠𝑐). However, in return, 5 

the excellent electrical conductivity of graphene provides significant gain by the change of fill 6 

factor (∆𝐹𝐹)  ≈ 2% at a concentration ratio of 1000suns [55,56]. The incorporation of 7 

graphene one monolayer has shown a drop in the solar cell series resistance by 35% and 8 

improve the FF by 4% at 1000suns where two monolayer reduced the series resistance but did 9 

not increase the FF due to the optical loss [56]. Further study has integrated one monolayer of 10 

graphene between the front-grid and the antireflective coating and compare its energy gain 11 

result with conventional III-V solar cell at 800suns. The energy gain increased between 6-7% 12 

based on the geographical location when using the monolayer of graphene [57]. 13 

The ongoing research in fabricating and developing a CPV system is to achieve a high 14 

optical concentration ratio for higher electrical power output, maintaining an excellent solar 15 

cell efficiency. The concept for high electrical output is through attaining as much as possible 16 

of the geometrical concentration ratio, and that only occurs when the CPV system has high 17 

optical efficiency. However, practically the optical efficiency is compromised electrically 18 

depending on the solar cell electrical performance where attention needs to be paid to the 19 

amount of concentrated light(generated temperature) on the surface of the solar cell to avert 20 

the increase in the solar cell electrical series-resistance. It is a possible solution to reduce the 21 

temperature elevation by reducing the geometrical concentration ratio, but this approach is not 22 

toward the advances in CPV technology [58]. Differently, allowing CPV system advances is 23 

through a high level of geometrical concentration ratio giving a range of optical losses at which 24 

higher power output is produced by associating a suitable cooling mechanism. Although using 25 
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graphene as a neutral density filter causes an optical loss across the wavelength range evenly, 1 

the excellent opto-thermal properties of graphene compensate the system by reducing the focal 2 

spot temperature at which a higher cell efficiency is gained. 3 

 Many studies have investigated graphene based on single or multijunction deposited 4 

on the front-grid of the solar cell but none of which has examined graphene as a pre-5 

illumination method (ND filter) coupled in a CPV system based on Fresnel lens design and its 6 

power output potential. The fabrication of graphene as an ND filter will aid the advances and 7 

evolution of CPV systems to reach a high concentration ratio by limiting the cell temperature 8 

which allows the thermal-mechanical effect to be decreased, the electrical performance to be 9 

enhanced, the utilization of low cost and high series resistance solar cells, the employment of 10 

continuous 3-D tracking system in pre-illumination cooling techniques, and the minimization 11 

of overall system weight, cost, and parasitic load by cancelling the post-illumination cooling 12 

mechanism. To illustrate the efficacy technique, in this study four approaches have been 13 

conducted for full characterization and analyzation of Graphene ND filter utilization in CPV 14 

system; chemical characterization, optical characterization, thermal characterization, and 15 

electrical characterization.    16 

2. Experimental Approach Description    17 

2.1. Preparation of graphene coating and optical characterization     18 

The chemical characterization of the graphene coating (GC) is executed by using the 19 

graphene ink (Product No. 900960), Sigma Aldrich, and used without any further purification. 20 

A layer of graphene ink is employed to develop the coating on a 5 × 5cm2 low iron-glass (4mm 21 

thick) by a screen-printing (120T mesh/inch, Mascoprint, UK) method. The low iron-glass with 22 

an excellent performance in both visible and NIR wavelength range has been used for the 23 

deposition of graphene quantity and optical characterization, as in Fig. 2a. The low-iron glass-24 



9 
 

coated samples were characterized based on graphene quantity: thick, medium, and thin 1 

coatings, as in Fig. 2c. After each layer of deposition, the sample has been heated for a 120°C 2 

for 10minutes and allowed to cool for next layer deposition. Finally, the prepared coating is 3 

then heated on a hot plate at 300°C for 30minutes to remove the binders.  4 

The total transmittance of low iron-glass, different GCs on low iron-glass and the IR 5 

filter (Fig. 2b) was measured using a PerkinElmer LAMBDA 1050+ UV/Vis/NIR 6 

spectrophotometer in a spectral range of 300 –2000nm for optical characterization and 7 

comparison among the coated samples and with the IR filter.  8 

 9 

Fig. 2 (a) the digital image of the low iron-glass. (b) the photo of IR filter. (c) the digital image 10 

of different samples of GC classified based on the graphene quantity on the glass. 11 
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2.2. Thermal and electrical characterization of graphene coating  1 

To perform the thermal and electrical characterizations, a WACOM AAA rating and 2 

2% spatial non-uniformity was applied. Xenon short-arc lamp plus and optical filter are 3 

combined to simulate a continuous solar irradiance at AM1.5 spectrum coincidence. The 4 

provided calibration cell with the WACOM solar simulator was used to ensure the strong linear 5 

correlation between the Isc and the helicon value (solar irradiance) with the attenuation of the 6 

Xenon lamp intensity and the consistency of the solar irradiance. 7 

A refractive [Silicon-on-glass (SOG) - Fresnel lens] optic of 529cm2 (23cm × 23cm) 8 

area was introduced under the solar simulator (WACOM) at a constant solar irradiance of 9 

1000W/m2 and adjusted in elevation for the optimum focal spot and focal length where the 10 

highest concentration ratio was achieved. A polycrystalline Si solar cell of 26cm2 (5.1cm × 11 

5.1cm) area was placed within the focal spot and centred for maximum electrical output.  A 12 

polycrystalline Si solar cell was soldered with a tabbing wire (electrical terminal) applying a 13 

solder flux along the cell's busbar for oxidization and soldering tip at a temperature of 350°C. 14 

The electrical terminals are connected to the I-V tracer device to extrapolate the electrical 15 

products with time intervals. The experimental setup to concentrate the solar irradiance using 16 

the Fresnel lens results in a geometrical concentration ratio of ≈ 20suns at a focal spot of ≈17 

3𝑐𝑚 in diameter and a focal length of ≈ 44cm. The gap between the polycrystalline Si solar 18 

cells and the low iron-glass is kept ≈ 4cm because direct contact with the polycrystalline Si 19 

solar cells, where the focal spot temperature is significantly high, induces the thermo-20 

mechanical effects and hinders the FF, as schematically and experimentally layout in Fig. 3a 21 

and b.  22 
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 1 

Fig. 3 (a) the schematic approach to generate concentration and measure the focal spot 2 

temperature and layout the gap between the solar cell and low iron-glass. (b) the experimental 3 

approach under the solar simulator indoor. 4 

For thermal characterization, the temperature is measured and collected utilizing a 5 

thermocouple meter (Datalogger SDL200 - EXTECH INSTRUMENTS). As well, the FLIR 6 

thermal camera is utilized to observe the thermal distribution across the area of the focal spot 7 

and the low iron-glass coated with graphene.   8 

3. Results and Discussion  9 

3.1. Chemical characterization 10 

The cross-sectional microstructural scanning electron microscope (SEM) image of the 11 

GC samples were analysed on a TESCAN VEGA3 SEM. Different coating thicknesses of the 12 

graphene sample on low iron-glass is achieved by a number of screen-printed layers of 13 

graphene ink, as in Fig. 4. In this case, using one layer of graphene screen printing coating 14 

resulted in an average thickness of 2.2 ± 0.2µm, which is termed as a thin coating (GC2.2), as 15 

in Fig. 4a. Further, two and three layers of graphene ink are used to fabricate an average 16 

thickness of 6.3 ± 0.1 and 9.1 ± 0.05µm of coating and termed as medium (GC6.3) and thick 17 
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coating (GC9.1), as in Fig. 4b and c, respectively. These three different thickness-based GCs 1 

are further employed for further characterizations.  2 

 3 

Fig. 4.  cross-sectional SEM images of (a) one (GC2.2), (b) two (GC6.3) and (c) three (GC9.1) 4 

layer of screen-printed GC using graphene ink on glass, respectively. 5 

3.2. Optical characterization 6 

  Graphene is optically characterized to comprehend its optical performance as an ND 7 

filter and compared with the most common photonic approach IR filter approach in a wide 8 

spectral range of 300 – 2000nm. In this study, the CPV unit is based on a Fresnel lens design 9 

where the optical performance of all optics and filters integrated after is dependent on the 10 

optical behaviour of the Fresnel lens. Thus, the measurement for the total transmittance of the 11 

Fresnel lens has found to be 90%. The total transmittance of the low iron-glass has an average 12 

loss of ≈11% after the graphene has been coated on top of it to attenuate the transmittance of 13 

the solar spectrum. The attenuation of solar irradiance has been approached by differing the 14 

thickness of graphene during the coating process resulting in GC9.1, GC6.3, and GC2.2 after the 15 

chemical characterization. The optical characterization of GC9.1, GC6.3, and GC2.2 shows an 16 

average total transmittance of 2%, 43%, and 64 %, respectively. As well, the total transmittance 17 

of the IR filter has an average of 74% in a wavelength range of 300-700nm where after all 18 
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spectral wavelength is blocked to mitigate the heat. However, considering a wide spectral range 1 

of 300 – 2000nm results in IR filter average transmittance of 19%. The optical measurements 2 

for the IR filter are conducted to compare its performance with GCs. The thickness of the GC 3 

has an inverse correlation with the transmittance of light.  4 

 5 

Fig. 5 (a) the correlation between the optical efficiency and the optical concentration ratio for 6 

Fresnel lens, IR filter, low iron- glass, GC9.1 coating, GC6.3 coating, and GC2.2 coating with a 7 

wavelength range between 300–2000nm. (b) the total transmittance and the optical density 8 

(OD) for the Fresnel lens, IR filter, low iron-glass, GC9.1 coating, GC6.3 coating, and GC2.2 9 

coating.   10 



14 
 

To illustrate, the optical characterization, optical efficiency and concentration ratio 1 

need to be investigated to see the deterioration in the optical performance with the Fresnel lens 2 

at first and then with integrating the IR filter, low-iron glass, GC9.1, GC6.3 and GC2.2 in one 3 

CPV unit, respectively. The incorporation of the optical efficiency of the Fresnel lens 4 

(η𝐹𝑟𝑒𝑠𝑛𝑒𝑙), IR filter (η𝐼𝑅𝐹𝑖𝑙𝑡𝑒𝑟
), low-iron glass (η𝑔𝑙𝑎𝑠𝑠), and low-iron glass with GCs (η𝐺𝐶𝑠

) 5 

results in the total theoretical optical efficiency for the CPV unit, which is a relevance between 6 

the concentrated solar irradiance passing all-optical stages with respect to the incoming solar 7 

irradiance at the primary optical stage surface area, as in the equation 1 8 

𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  η𝐹𝑟𝑒𝑠𝑛𝑒𝑙  ×  η 𝐼𝑅𝑓𝑖𝑙𝑡𝑒𝑟,   𝑔𝑙𝑎𝑠𝑠,  𝐺𝐶𝑠
   (1) 9 

 The calculated optical efficiency is substituted in equation (2) to extrapolate the optical 10 

concentration ratio.  11 

       𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑖𝑜 =  𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 𝐺𝐶    (2) 12 

where 𝐺𝐶 is the geometrical concentration ratio which is the area of the Fresnel to the area of 13 

the solar cell.  14 

As in Fig. 5a , the optical efficiency and concentration ratio are measured for after the 15 

Fresnel lens and with every test scenario at every wavelength unit. As on average for a 16 

wavelength range of 300–2000nm, the optical efficiency after the Fresnel lens is 90% and 17 

equivalent to the optical concentration ratio of 18suns and with integrating the low-iron glass 18 

the optical efficiency and concentration ratio dropped to 80% and 16suns, respectively. The 19 

graphene coatings dropped the optical efficiency from after the Fresnel to 2%, 42%, and 58% 20 

and the optical concentration ratio from after the Fresnel to 1sun, 8suns, and 12suns for GC9.1, 21 

GC6.3, and GC2.2, respectively. The IR filter showed a drop from after the Fresnel to 18% and 22 

4suns for the optical efficiency and concentration ratio, respectively. The total transmittance of 23 

https://en.wiktionary.org/wiki/%CE%B7
https://en.wiktionary.org/wiki/%CE%B7
https://en.wiktionary.org/wiki/%CE%B7
https://en.wiktionary.org/wiki/%CE%B7
https://en.wiktionary.org/wiki/%CE%B7
https://en.wiktionary.org/wiki/%CE%B7
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GCs has shown almost no fluctuation across the measured wavelength length, indicating less 1 

dispersion of light and that is due to the high absorptivity of graphene relative to its thickness. 2 

However, Fig. 5a showed that IR filter, low iron- glass, and GCs are dependent on their 3 

performance on the primary optic Fresnel lens and that can be observed across the wavelength 4 

range.  5 

The measurements of the total transmittance of graphene ND filter allow us to 6 

characterize the graphene in terms of optical density (OD) instead of quantity by exploiting the 7 

transmittance as the logarithm to the base ten, as in equation 3.  8 

𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =  −𝑙𝑜𝑔10(%𝑇𝑎𝑣𝑔)  (3 ) 9 

Where %𝑇𝑎𝑣𝑔 is the average transmittance for a wavelength range between 300–2000nm.   10 

Fig. 5b shows an inverse correlation between the optical density and total transmittance. 11 

The ODs are 0.045 0.13, 0.05, 1.69, 0.36, and 0.193 for the Fresnel lens, IR filter, low-iron 12 

glass, GC9.1, GC6.3, and GC2.2, respectively. Table 1 summarises the total transmittance on 13 

average, optical density (OD), optical efficiency, and optical concentration ratio for the 14 

optically characterized samples.  15 

It is crucial to evaluate the current production from the polycrystalline Si solar cell 16 

when illuminated by wavelength range similar to polycrystalline Si solar cell spectral response 17 

range. In order to execute the spectral response, the external quantum efficiency (EQE) was 18 

measured for a wavelength range between 300 – 1100nm using Bentham spectral response 19 

arrangement, as shown in Fig. S1, SI. The current density, Jsc (mA/cm2) is determined by 20 

uniting all the photon energy with the EQE and integrating cross all the correspondent 21 

wavelength range to be 38.26 mA/cm2. 22 

  23 
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Tested Samples 
Avg. 

Transmittance (%) 
Optical Density 

(OD) 

Optical 

Efficiency 

(%)  

Optical 

Concentration 

ratio (suns) 

Fresnel Lens   90 0.045 90 18 

IR Filter 19  0.72  18 4 

Glass No  Coating 89 0.05  80 16 

Thick coating 

(GC9.1) 
2 1.69  2 1 

Medium Coating 

(GC6.3) 
43 0.36  42 8 

Thin Coating  

(GC2.2) 
64 0.193  58 12 

Table 1 the optical characterization for the measured total transmittance, calculated optical 1 

density, optical efficiency, and the optical concentration ratio 2 

3 
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3.3. Thermal characterization  1 

Thermal characterization is conducted to observe the fluctuation of temperature over 2 

time for the focal spot produced by the Fresnel lens and then with the introduction of uncoated 3 

low iron-glass and with the GCs, as schematically in Fig. 3a. Three thermocouples were 4 

attached at the centre of the graphene layer (top surface of the glass facing the Fresnel lens), 5 

the centre of the rear glass surface, and the centre of the focal spot. The rear surface of the glass 6 

temperature was measured to observe the temperature difference on the glass and identify any 7 

cause for thermal shock, as in Fig. 6a. The temperature was recorded in the three positions. The 8 

focal spot temperature reaches the saturation (observing no accumulation in temperature) 9 

within a short time of 10seconds at which the temperature of the graphene layer was found to 10 

be  211.7±4℃ for all the GCs samples. It is undoubtedly expected that high accumulation of 11 

heat on the graphene layer would occur resulting in severe temperature degrading the graphene 12 

layer with time. The back surface of the glass was found to be 107°C, 179°C, and 180°C for 13 

GC2.2, GC6.3, and GC9.3, respectively, as in Fig. 6b. As the graphene thickness decreases, the 14 

temperature gradient between the graphene layer and rear surfaces of the glass decrease as well. 15 

In order to conduct similar temperature measurements, the orientation of the glass has also been 16 

altered where the graphene layer was facing the solar cell, as in Fig. 6c. The results exhibit a 17 

minimal temperature difference between the graphene layer and the other side of the glass 18 

surface, and that is because glass is much heat conductor than air. However, the focal spot 19 

temperature, in comparison to the graphene facing the Fresnel lens, increased on average by 20 

1.63%, 8.8%, and 2.2% for GC2.2, GC6.3, and GC9.3, respectively, as in Fig. 6d. This rise in the 21 

focal spot temperature is related to the amount of heat accumulated in the graphene layer drives 22 

both heat radiation and convection in its surrounding (4cm distance between the solar cell and 23 

the graphene layer). Although this temperature gradient is not significant, we kept the 24 

orientation of the graphene layer facing the Fresnel lens. The influence of temperature on the 25 
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Fresnel lens – SOG is out of the scope of this study; however, enough safe distance of 39.6cm 1 

between the graphene layer and Fresnel lens ensures no impact for accumulated heat.  2 

 3 

Fig. 6 Thermal investigation for (a) graphene layer facing the Fresnel lens and (c) graphene 4 

layer facing the focal spot. The average temperature at the centre for the top side of the glass, 5 

the back side of the glass, and the focal spot for (b) graphene layer facing the focal spot and (d) 6 

graphene layer facing the focal spot.       7 

Temperature measurements are extrapolated on average after it reaches the equilibrium. 8 

Once the solar simulator lamp was on, the temperature reached its saturated level within a 9 

maximum of 10seconds and relatively maintained for 70seconds, and when the solar simulator 10 

lamp was turned off, the temperature released to the surrounding within 20seconds to reach a 11 

room temperature of 22°C, as in Fig. 7a. The introduction of the Fresnel lens has shown a focal 12 

spot temperature of 219°C, which after the introduction of the uncoated low iron-glass has 13 

attenuated the light slightly reducing the focal spot temperature by 11%. However, the GCs 14 

show a significant drop in the focal spot temperature by 89%, 70%, and 39% for GC9.1, GC6.3, 15 
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and GC2.2, respectively. The focal spot temperature has an inverse correlation with the optical 1 

density due to the effectiveness of graphene as a thermal insulator depending on the graphene 2 

thickness and that is observed through the consistency of temperature with time. Thus, the 3 

introduction of the graphene ND filter shows an average focal spot temperature of 24.6°C, 4 

66.4°C, and 132.7°C for GC9.1, GC6.3, and GC2.2 coating measured with the thermocouple, 5 

respectively. Fig. 7b shows the correlation between the optical efficiency and the focal spot 6 

temperature to illustrate the optical and thermal operating conditions. Fresnel lens and glass no 7 

coating have shown the highest optical efficiency but challenged by the highest focal spot 8 

temperature. Whereas, it can be observed that the GC6.3 and GC2.2 have shown that the optical 9 

efficiency relatively low in comparison with the Fresnel lens and with uncoated glass but with 10 

much reduction in focal spot temperature where the GC9.1 has shown the lowest for both focal 11 

spot temperature and optical efficiency. The utilization of the IR filter in this experiment is due 12 

to its working principle of minimizing heat to the most by cutting off light near IR to ensure 13 

excellent electrical performance and to avoid any damage on the solar cell surface. The 14 

comparison between the moderate ND filter thermal performance for GC6.3 (300 - 2000nm) 15 

and the IR filter (300 - 900nm) is expected to exhibit less temperature after the IR filter due to 16 

the difference in the wavelength range in accordance to the polycrystalline Si solar cell spectral 17 

response (300 – 1100 nm) at which the IR filter has shown an optical efficiency lower than the 18 

optical efficiency of GC6.3 by 38%. However, the IR filter has shown a focal spot temperature 19 

of 117.28°C, which is higher than the focal spot temperature of GC6.3 by 43%.  20 

The thermal images were taken for GC6.3 to investigate the heat distribution across the 21 

top surface. Fig. 7c shows the temperature increasing causing a large area on the top surface of 22 

GC6.3 with a total testing time of 100seconds where the left thermal image shows the thermal 23 

distribution at the initial testing time (~1cm at the centre). The right thermal image shows the 24 

thermal distribution where the temperature scale is at least 151°C increase from 1cm to 3cm at 25 
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the centre. The saturation in the right thermal image is due because the temperature is chosen 1 

as a maximum of 151°C to show how heat is conducted and distributed given the time frame 2 

of 100 seconds on the graphene layer. Longer test time might show a uniformed output across 3 

the total area of the GCs (greater than the focal spot size), which brings the graphene as a 4 

superior thermal conductor material for the thermal applications, and that can be simplified 5 

because as graphene holds the thermal conductivity of~ 3000Wm-1 K-1 [35].  6 

7 

Fig. 7 (a) the focal spot temperature (thermocouple measurement) over time produced by the 8 

Fresnel lens and with glass, with GC9.1, with GC6.3, and with GC2.2, respectively. (b) the 9 

correlation between the focal spot temperature (thermocouple measurement) and the optical 10 

efficiency for the Fresnel lens and with glass, with GC9.1, with GC6.3, and with GC2.2, 11 

respectively. (c) the thermal camera image for the GC6.3 to show the thermal distribution across 12 

the 5 cm x 5 cm area based graphene layer (the temperature scale was set at 151°C).  13 
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3.4. Electrical characterization 1 

The polycrystalline Si solar cell electrical products Isc, open-circuit voltage (Voc), and FF, 2 

which can be determined simply from the I-V curve,  are affected by the increase in the 3 

concentration ratio. The large flow of photons increases the current with inducing joule heat 4 

on the solar cell surface area. Increasing the concentration ratio (temperature) leads to a 5 

reduction in the Voc with significant growth in the Isc. This increase in current density due to 6 

the solar concentration inclines to source additional resistive losses in the solar cell beside the 7 

losses at its standard design conditions at 1sun where the influence of the resistive loss can be 8 

detected by observing the FF (flattening in the squareness shape of the I-V characteristic curve). 9 

The impact of series resistance is producing a decrease in the FF and thereby drop in cell 10 

efficiency.  11 

Metallization acts an essential role in both optical and electrical performance of the 12 

polycrystalline Si solar cell. Optically, where the width of the gridlines associates to shading 13 

impacting the Isc. Electrically, through the series resistance of metal conductors impacting the 14 

FF. The effect of resistance on polycrystalline Si solar cell is reflected through wasting power 15 

in the resistance components. Considering one diode (solar cell) model, the impact of resistance 16 

on polycrystalline Si solar cell under no concentration is significant as the temperature increase, 17 

and therefore resistance effect exaggerates under a concentration ratio due to the imbalance of 18 

the current production to the solar cell area. The utmost common resistances in one diode model 19 

is series resistance (Rs) and shunt resistance (Rsh). The Rs losses rise substantially due to having 20 

a current flow beyond the capacity of the electrical connectors on the solar cell surface area. 21 

The Rs is impacted by factors such as semiconductor material resistivity (emitter) and metal 22 

conductors (Busbar and fingers). In contrast, the Rsh is mainly affected by the impurities 23 

adjacent the p-n junction, as in Fig. 8a and b.  24 
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 1 

Fig. 8 Illustration of (a) dimensions and series resistance factors and (b) electrical circuit of a 2 

solar cell with one diode model, where Iph is the photo-generated current, Id is the diode current, 3 

and Ish is the shunt current [59].  4 

The indoor electrical characterization examines the effectiveness of the graphene ND 5 

filter with the high series resistance 5.1cm × 5.1cm polycrystalline Si solar cell (300–1300nm). 6 

To observe the fluctuation in performance for comparison and analysis, the electrical 7 

components  such as Isc, Voc, and FF are measured on the polycrystalline Si solar cell under 8 

only the Fresnel lens and after with glass, with GC9.1, with GC6.3, with GC2.2, and with IR filter. 9 

Many cells were soldered and prepared for the testing because the polycrystalline Si solar cell 10 

is easily cracked under the concentrated solar irradiance due to its low thermal expansion 11 

(fragility). The IR filter itself was not enough to avoid the breakage of the polycrystalline Si 12 

solar cell. Thus, the IR filter was associated with a cooling mount base set at 25°C to operate 13 

the solar cell in a safe condition and also bring the IR filter to the competition with the GCs for 14 

comparison. 15 

Although determining the Jsc through the EQE is advantageous being independent for 16 

the used light source spectral figure, the Jsc was carried out also through the I-V curve 17 

measurements by illuminating the polycrystalline Si solar cell with solar irradiance of 18 

1000W/m2 (no concentration) and found to be 37.82mA/cm2, as shown in Fig. S2, SI. The 19 

minimal discrepancy of 1.2% between the EQE calculation and I-V curve measurement is 20 
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might be due to either the contact area of the cell being undetermined or the inaccurately of the 1 

simulated solar irradiance.   2 

In Fig. 9a, I-V curve shows the dependence of Isc on the illumination and Voc on the 3 

temperature where the attenuation of the solar intensity has shown the highest and lowest  Isc 4 

for the polycrystalline Si solar cell under the Fresnel and GC9.1 to be 7510mA and 255mA, 5 

respectively. On the other hand, the uppermost and the lowest Voc is for GC6.3 and GC9.1 to be 6 

631mV and 588.2mV, respectively. The least Isc and Voc for the GC9.1 is due to the excessive 7 

blockage of light. The apical Isc value for only under the Fresnel is because the optical 8 

efficiency of 90%, where the apical Voc value for the GC6.3 relies on the accomplished focal 9 

spot temperature in comparison to other test scenarios, as in Fig. 9d. Both GC6.3 and the IR 10 

filter with a cooling mount base has a lower Isc than the GC2.2 by 31% and 58% respectively. 11 

However, both GC6.3 and the IR filter with a cooling mount base has a higher Voc than GC2.2 by 12 

2.4% and 0.62%, respectively.  Fig. 9b shows the highest maximum power for under the 13 

Fresnel (1.5 W), and a similar maximum power of 1.49W for both the glass no coating and 14 

GC2.2  where glass no coating has a higher Isc than the GC2.2 and GC2.2 has a higher Voc than 15 

glass no coating by 8.8%, respectively.  Then after, GC6.3 and IR filter with a cooling mount 16 

base come with a drop in the maximum power by 11% and 32% in comparison to GC2.2, 17 

respectively. In case of GC9.1, the maximum power is recorded about 0.11W.  18 

In addition, FF has to be investigated with both the optical efficiency and focal spot 19 

temperature because the hight intensity of the current flowing via the solar cell causes a 20 

resistive loss where its primary influence can be observed through the FF. In Fig. 9c and d, the 21 

FF has an inverse correlation with the optical density of graphene and the focal spot 22 

temperature. The most influenced FF is the one for the Fresnel lens due to the highest optical 23 

efficiency and hence the focal spot temperature. It has been observed that the medium coating 24 

exhibited the optimum FF value of 0.446 as a result of the lowest series-resistance reflected on 25 
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a relatively less flattening of the solar cell output characteristic with an optical efficiency of 1 

10%, as highlighted in the box in Fig. 9c and d. The observation of the FF is needed to be 2 

considered in the consecutive section to find solar cell efficiency.  3 

 4 

Fig. 9 (a) I-V curve and (b) power curve for polycrystalline Si solar cell, with glass, with adding 5 

different coating thickness, and with IR filter, respectively. (c) the inverse correlation between 6 

fill factor as a component of power quality and transmittance with a highlight box for the 7 

optimum performance (GC6.3). (d) the inverse correlation between fill factor as a component 8 

of power quality and focal spot temperature with a highlight box for the optimum performance 9 

(GC6.3). 10 

     Table 2 summarizes the results for the four different characterization approaches. The 11 

results confirmed that graphene is an appropriate material for natural density filter with 12 

optimum performance for the GC6.3 as highlighted. Although the IR filter with a cooling mount 13 
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base showed the lowest focal spot temperature of 55°C and relatively similar FF value with 1 

GC6.3; however, that is at the price of system weight, cost, and parasitic load.  For the case of 2 

the IR filter associated with the cooling mount base, the focal spot temperature is given via 3 

considering the equilibrium temperature of 25°C for the cooling mount base and a 117.28°C 4 

for the focal spot temperature after the IR filter, which results in a focal spot temperature of 5 

55°C. Also, the IR filter has shown a lower power output in comparison to GC6.3 because GC6.3 6 

attenuates the intensity of solar irradiance across the wavelength range where the IR filter 7 

blocks all wavelengths beyond visible light with less control on the focal spot temperature. The 8 

optimization for the graphene thickness coating still has the potential to improve the overall 9 

performance further.  10 
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Graphene Neutral 

density (ND) filter 

Chemical 

Characterization 
Optical Characterization 

Thermal 

Characterization 

Electrical 

Characterization 

Graphene thickness 

(µm) 

Total 

transmittance 

(%T) 

OD 

Optical 

Efficiency 

(%) 

Optical 

Concentration 

ratio (suns) 

Focal Spot 

Temperature (°C) 

Power 

output (W) 

Fill Factor 

(FF) 

Fresnel Lens - 90 0.045 90 18 219 1.5 0.32 

IR filter + cooling 

Mount @ 25 °C 
- 19 0.72 18 4 55 1.13 0.442 

Glass No Coating - 89 0.05 80 16 196 1.49 0.329 

Thick Coating 

( GC9.1) 
9.1 ± 0.05 2 1.69 2 1 24.6 0.11 0.746 

Medium Coating 

(GC6.3) 
6.3 ± 0.1 43 0.36 42 8 66.4 1.34 0.446 

Thin Coating 

(GC2.2) 
2.2 ± 0.2 64 0.19 58 12 132.7 1.49 0.376 

Table 2 the summary for the characterization results for Graphene neutral density (ND) filter. 
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4. Graphene layer validation and cost analysis   1 

To validate that the improvement in power output is predominantly due to the graphene 2 

layer, we have attenuated the solar simulator (WACOM) lamp intensity (helicon value) to 3 

examine the polycrystalline silicon (Si) solar cells at different solar irradiance value in the 4 

range of 1000-400W/m2 in an interval of 100W/m2 without GCs. This attenuation of input solar 5 

irradiance to the concentrator optic (Fresnel lens) results in a lower concentration ratio in the 6 

focal spot area which could be the reason for increasing the fill factor and hence the cell 7 

efficiency without GCs. Fig. 10a shows the downward slope of the cell efficiency from 5.96% 8 

to 2.44% with increasing the effective solar irradiance on the focal spot area for solar irradiance 9 

from 400W/m2 to 1000W/m2 corresponding for optical concentration ratio range from 7suns to 10 

18suns. The GC6.3 and GC2.2  show a cell efficiency of 6.57% at 8suns and 4.91% at 13suns 11 

with effective solar irradiance on the focal spot at 1000W/m2, respectively. The relatively low 12 

cell efficiency to the maximum cell efficiency of 17%[60] as reported by the manufacturer is 13 

simply due to using the single-junction solar cell beyond its design concentration range (1sun). 14 

Still, this utilization was important to see the temperature and concentration ratio reduction 15 

effects. The closest optical concentration ratio for the GC6.3 at 8suns is the base case at 16 

400W/m2 with an optical concentration ratio of 7suns but with less efficiency by 12%, where 17 

the closest optical concentration ratio for the GC2.2 is the base case at 700 W/m2 with an optical 18 

concentration ratio of 12.8suns but with less efficiency by 28%. This comparison has certainly 19 

approved that the cell efficiency has been improved due to the integration of graphene as ND 20 

filter instead of lowering the concentration ratio. Thus, the same benefits should be in theory, 21 

replicable for a multijunction solar cell under ultrahigh concentration ratios. The GC6.3 22 

represent the highest cell efficiency. The GC challenges the optical efficiency of the CPV unit 23 

with improving cell efficiency in case of both GC6.3 and GC2.2. For GC9.3, the drop in the solar 24 

cell series-resistance is acquired by the highest drop in temperature resulting in FF of 0.746. 25 
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However, the power output of GC9.3 is constrained as to counterbalance the extreme loss in 1 

optical efficiency. The cell efficiency improvements are simply due to the reduction in the 2 

high-series resistance polycrystalline Si solar cells caused by the thermo-optic absorption 3 

properties of GC  4 

 5 

Fig. 10 (a) the cell efficiency verses the effective solar irradiance on the focal spot. (b) the cost 6 

of the developed GCs in comparison with the commercially available ND filters (Newport[50], 7 

Edmundoptics[51], and Knight optical[52]) for relatively similar optical density (OD). 8 
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 The utilization of graphene as the ND filter has shown graphene as an excellent thermal 1 

filtering material. ND filters are commercially available by coating an absorptive material on 2 

low-iron glass, borosilicate glass, or fused silica with different thicknesses and design tolerance 3 

from one manufacturer to another to attenuate the light evenly across a spectral band. The 4 

simple concept to perform an ND filter is to have a coating thickness of not less than 2µm, and 5 

that was the case of not having GC samples less than 2.2µm. The ND filters are classified 6 

commercially based on their OD. According to the optical characterization, we have collected 7 

the cost for ND filters with comparable OD value to the GCs ones in this study from Newport, 8 

Edmund optics, and Knight optical. The cost of graphene coating was estimated considering 9 

only the low-iron glass and graphene ink, as in equation 3.  10 

𝑮𝒓𝒂𝒑𝒂𝒉𝒆𝒏 𝒄𝒐𝒂𝒕𝒊𝒏𝒈 =  (
£15

𝑚𝑙
 ×

3𝑚𝑙

𝑇ℎ𝑖𝑐𝑘 𝐶𝑜𝑎𝑡𝑖𝑛𝑔
 𝑜𝑟

2𝑚𝑙

𝑀𝑒𝑑𝑖𝑢𝑚 𝑐𝑜𝑎𝑡𝑖𝑛𝑔
 𝑜𝑟

1𝑚𝑙

𝑇ℎ𝑖𝑛 𝐶𝑜𝑎𝑡𝑖𝑛𝑔
) +

£5

𝑙𝑜𝑤 𝑖𝑟𝑜𝑛 𝑔𝑙𝑎𝑠𝑠 (5𝑐𝑚 ×5𝑐𝑚)
           (3) 11 

Fig. 10b shows the economic feasibility of GC9.3, GC6.1, and GC2.2 in comparison with the 12 

available commercial options. The results show that the cost of the GCs is dependent on the 13 

OD (graphene thickness) where the cost of the other manufacturers is not affected by the degree 14 

of light transmittance. Indeed, the GCs are economically feasible in comparison with all ND 15 

filters manufactured by Edmundoptics and others with OD ≤ 0.4. In this study, the economic 16 

advantage of integrating graphene as the ND filter is to improve the CPV system power output 17 

where that occurs at OD ≤ 0.4. As highlighted previously, the medium coating (OD 0.36) is 18 

the optimum scenario for power output with still high potential for improvement. This 19 

improvement could be achieved by minimizing the amount of graphene by a certain percentage 20 

across the glass surface for more power output or by only coating a glass surface area 21 

comparable to the focal spot area which will result in a relative drop in the GC cost.     22 
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5. Conclusion  1 

We have developed three graphene ND filters to attenuate the concentration of solar rays for a 2 

CPV system. To fabricate and characterize the ND filter, four different approaches such as 3 

chemical, optical, thermal and electrical characterizations have been adopted for a 4 

comprehensive understanding of the filter. All four characterization approaches have 5 

confirmed that the performance is dependent on the graphene thickness. The indoor experiment 6 

has been conducted for a polycrystalline Si solar cell, which is vulnerable to the observed level 7 

of temperature generated by SOG Fresnel lens (a geometrical concentration ratio of ≈20suns). 8 

The results have manifested graphene can bring into play as an ND filter component for a pre-9 

illumination passive cooling mechanism.  The simplistic employment of GC as an ND filter 10 

component can eliminate the traditional and strenuous cooling techniques such as active water 11 

cooling and combined heat pipe and sink cooling for CPV. Although the optimization of the 12 

GC thickness still has the potential to improve the overall performance further.  The future 13 

direction of GC technology can pave the way on developing facile cooling methods to maintain 14 

the solar cell temperature low and stable for a CPV system.  15 
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