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Abstract

In this thesis, we investigate how the optical and electronic properties of graphene
may be modified in proximity to various other materials. We present several ex-
amples of how modification in this way can help make graphene better suited for
specific device applications.

We develop a method of up-scaling the fabrication of FeCls-intercalated few-
layer graphene from micron-sized flakes to macroscopic films so that it may be
used as a transparent electrode in flexible light-emitting devices. We also find that
photo-responsive junctions can be arbitrarily written into FeCls-intercalated few-
layer graphene by means of optical lithography. These junctions produce photocur-
rent signals that are directly proportional to incident optical power over an extended
range compared to other graphene photodetectors. Through theoretical analysis of
these junctions, we conclude that the enhanced cooling of hot carriers with lattice
phonons is responsible for this behaviour.

Finally, we trial rubrene single crystals as the light-absorbing layer in a graphene
phototransistor. We find that rubrene single crystal-graphene interfaces exhibit
enhanced charge transfer efficiencies under illumination with extremely weak light
signals. Through a comparative study with similar devices, we conclude that the
wide variation in sensitivity amongst graphene phototransistors is largely due to

extraneous factors relating to device geometry and measurement conditions.
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INTRODUCTION

1.1 Optoelectronic devices

Optoelectronic devices are systems which convert between optical and electrical signals. In
the form of photodetectors and emissive displays, they act as communication ports which
link the natural and digital world. In the form of solar photovoltaic cells, they are in-
creasingly helping to meet our demands for sustainable sources of energy. The importance
of optoelectronic devices is demonstrated by their increasing prevalence in our day-to-day
lives. Approximately two billion adults world-wide now own smart phones with emissive
displays,X whilst the emerging industries of smart textiles and the ‘internet of things’ are
requiring light sensors to be embedded in a vast array of items ranging from household
appliances to medical diagnostic patches. This ever-increasing range of applications places
additional requirements on the properties of constituent materials within optoelectronic
devices. Commonly-used inorganic semiconductors such as silicon and gallium phosphide
are too bulky and brittle to be utilised in flexible and lightweight electronics. Instead,

new materials are required which are able to function in extreme environments.

1.2 Graphene

Graphene is a single atomic sheet of graphite. Although its electronic structure was
theoretically described as early as 19472 it was thought to be structurally unstable until
its isolation in the laboratory in 20042 This subsequently lead to the awarding of a
Nobel prize in 2010. Since then, there has been an exponential growth in research activity
concerning this material, with at least 13,000 graphene-related scientific papers published
in 2016 alone® Graphene has been found to exhibit a remarkable collection of physical
properties in terms of mechanical strength, efficient electronic transport and broadband
interaction with light. As a result, there is now much interest in utilising graphene as a

constituent material in novel optoelectronic devices which exceed the capabilities of those



CHAPTER 1. INTRODUCTION

based purely on silicon, 111 — V semiconductors and doped metal oxides.

One promising application of graphene is as a transparent electrode. Efficient trans-
mittance (Tr ~ 97.7%”) of white light,” high charge carrier mobility,® superior flexibil-
ity/® an appropriate work function? and the potential for comparatively low embedded
energy costs'’ make graphene well-suited as a candidate material to replace indium tin
oxide (ITO) electrodes in organic light-emitting diodes (LEDs) and organic solar cells.
Substantial progress has already been made to this end: graphene electrodes have now
been successfully incorporated into prototypes of both LEDsM and solar cells? whilst the
demonstration of compatible roll-to-roll printing processes'® has addressed questions re-

garding the practical feasibility of mass-producing large-scale, atomically-thin electrodes.

The primary remaining challenge relating to graphene-based transparent electrodes is
the high sheet resistance (R,,) of monolayer graphene (R, ~ (1 — 10) kQ/sq, in un-doped
samples) in comparison to ITO (Rs; ~ (5 —100)Q/sq and Tr ~ (75 — 85) % depending

14’15). Because of an increase in series resistance, charge transport

upon film thickness
is impeded in optoelectronic device heterostructures where monolayer graphene replaces
ITO electrodes and the efficiency of operation is often impaired?® Successive stacking
of monolayer graphene to form few-layer (< 10 layer) films reduces the sheet resistance
approximately to that of ITO but also produces an unsatisfactory degradation in optical
transmittance To overcome this, strategies have been developed to lower the sheet
resistance of each constituent atomic sheet within few-layer graphene through chemical
doping, thereby reducing the total number of light-absorbing layers required in a suitably
conductive film. The most prevalent method of doping involves exposing each graphene
monolayer to aqueous HNO3 before the next graphene sheet is stacked on topd3 Typical
sheet resistance/transmittance values in the range of 30Q2sq~!/ 90% can be achieved, but
this process is highly cumbersome and is associated with low throughput yields. Simpler
single-step methods which expose a complete few-layer graphene film to dopant molecules
will only alter the charge carrier concentration of the exposed surface layer and reductions
in sheet resistance are less pronounced. Intercalation of graphene with acceptor or donor
molecules can increase the charge carrier concentration throughout a few-layer graphene
film to unprecedented levels (< 104em =2 per layer'®) by means of a single-step process
and is therefore a very appealing method of chemically doping electrodes. Li-intercalated
few-layer graphene was found to produce ideal sheet resistance and transparency metrics
(Rsq =~ 3Qsq Y, Tr ~ 92%*), but is highly unstable in ambient conditions. Similarly
optimal sheet resistance and transmittance has been reported for FeCls-intercalated few-
layer graphene (FeCl3-FLG) (Rs, ~ 9Qsq™t, Tr =~ 84%1%) but, crucially, this material

remains stable in conditions of extreme humidity, high temperature and even when exposed
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to organic solvents of FeCl3 2 As a result, FeCl3-FLG currently presents one of the most
viable graphene-based compounds for use as a transparent electrode in optoelectronic
devices. Several challenges must now be addressed in order to further assess the viability
of these electrodes: up-scaled fabrication methods for producing continuous, macroscopic
films of FeCls need to be developed; fast, non-invasive methods of characterising the quality
of large-area FeCls are required; and FeCl3-FLG electrodes should be incorporated into

proof-of-concept optoelectronic devices.

Another popular field of research is the use of lateral junctions in graphene, defined
by local gradients in charge carrier concentration, for the electrical detection of incident
light. This application might initially sound counter-intuitive, since we have just described
graphene as a nearly transparent material. However, the absorbance of graphene is, in fact,
remarkably strong for a single atomic layer and its linear, gapless low-energy bandstructure
produces uniform optical absorbance over a wide spectral range.” Because of these factors,
graphene is commonly utilised as a light-absorbing layer in novel ultra-thin photodetec-
tors.2 A critical parameter of photodetectors, especially in radiometric applications, is
the linear dynamic range (LDR). This defines the range of optical power across which
the magnitude of photocurrent is directly proportional to the intensity of incident light.
Photodetectors with a large LDR are therefore well-suited to measure the optical power
of variable light sources accurately. Extensive studies of illuminated lateral junctions in
graphene have revealed that photocurrent signals arise from a combination of ‘photother-
moelectric’ and ‘photovoltaic’ effects2223 The magnitude and power dependence of each
effect varies considerably with respect to the charge carrier concentration, temperature

and the degree of disorder in each sample?2722" As a result, photodetectors reported thus

23126 d2Z728

far that are formed from electrostatically-gate and chemically dope junctions
in graphene have shown unpredictable variations in power dependence and a small LDR
(< 15dB) at room temperature. If graphene-based photodetectors are to be used in radio-
metric applications, methods of engineering stable photo-responsive junctions in graphene

that consistently display a large LDR are required.

An alternative use of graphene in light-sensing applications comes in amplified pho-
totransistors. In these devices, graphene is paired with a semiconductor layer, such as
colloidal PbS quantum dots, to form charge transfer interfaces?? An internal photo-
conductive gain mechanism within these phototransistors enables far weaker incident light
signals, equivalent to that of diffuse daylight and even moonlight, to be resolved than is
possible with lateral graphene junctions. Because of their excellent sensitivity, graphene-
based phototransistors are now being considered for use as pixels in next-generation imag-

ing arrays.“’ Organic semiconductors would be an ideal class of light-absorbing materials
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to use in graphene-based phototransistors because they offer an extremely wide range of
absorption spectra and can be solution processed at low cost. However, reports so far have
shown graphene-organic semiconductor phototransistors®/=4 to exhibit inferior responsiv-
ity and quantum efficiencies in comparison to graphene phototransistors that use inorganic
semiconductors as the light-absorbing layer 223584 Research efforts are now required to
investigate the fundamental limitations of organic semiconductors as light-absorbing lay-
ers in graphene phototransistors. Also, a consensus needs to be established in this field as
to how the performance metrics of graphene-based phototransistors should be reported.
This would eliminate many ambiguities which are currently encountered when compar-
ing different studies and would enable researchers to assess the merits of each variant of
phototransistor accurately.

This thesis addresses all of the challenges outlined in this section. The common strat-
egy which unites all of these research initiatives is the aim to understand how interactions
between graphene and light may be tailored through partnership with complimentary ma-
terials, such as FeCls and organic semiconductors, in order to suit the intended functions
of various optoelectronic devices. In doing so, the work in this thesis aims to further our
of graphene’s utility in several of the most popular classes of optoelectronic device and
provides one of the many steps required to bring this novel material out of the laboratory

and into real-world applications.

1.3 This thesis

In Chapter 2] we will introduce background concepts which are essential to our experimental
findings. We will review the electronic and optical properties of monolayer graphene before
paying particular attention to the variety of photocurrent generation mechanisms in this
material. Some essential working principles of photodetectors and polymer light-emitting
diodes will be introduced and, finally, we will review the electrical properties of rubrene
single crystals.

In Chapter [3| we will outline the most important experimental methods which have
been used in our work. These include the synthesis of large-area graphene and single crys-
tals of rubrene. We will then introduce the concept of intercalation of few-layer graphene.
Finally, we will review the technique of Raman spectroscopy and its use as a non-invasive
tool for characterising graphene’s structural and electronic properties.

In Chapter[4 we present the first of three experimental investigations. Here we develop
a method of producing large-area electrodes of FeCls-intercalated few layer graphene and

implement them into proof-of-concept light-emitting devices. Through careful examination

4
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of the impact of graphene grain density on intercalation staging and sheet resistance, we
gain valuable information as to how these macroscopic transparent conductive films may
be further engineered so that they may emulate the optimum properties displayed in
microscopic intercalated flakes. This presents the first reported up-scaling of this material
and the first case of its incorporation into practical optoelectronic devices.

In Chapter [5| we demonstrate that FeCls-intercalated few-layer graphene is not only
a good transparent electrode, but that its local charge carrier density can be modified via
optical lithography to engineer photo-responsive junctions. We study the photocurrent sig-
nals generated at these junctions and find a linear dynamic range of 44dB. This extends at
least two orders of magnitude beyond the range of conventional graphene photodetectors.
By adapting existing theory concerning drift and diffusion-assisted mechanisms of pho-
tocurrent in graphene, we conclude that the cooling of hot charge carriers is accelerated
by the high levels of p-doping induced upon intercalation with FeCls. This marks the
first reported method of reliably tuning the electron-phonon interactions in graphene to
produce a consistently linear proportionality between photocurrent and incident optical
power.

In Chapter [6] we address the final experimental study of this thesis, where we incor-
porate rubrene single crystals as the light-absorbing layer in a graphene phototransistor.
Through carefully characterising this device’s amplified electrical response to light, we
conclude that organic semiconductors can indeed be employed as effective light-absorbing
layers in graphene phototransistors. We also undertake a comparative study of all reported
graphene phototransistors to draw conclusions as to how the relative performance of these
devices might be better assessed. This serves as the first reported incorporation of a single

crystal organic semiconductor into an amplified graphene photodetector.



THEORETICAL CONCEPTS

2.1 Electronic properties of graphene

2.1.1 Lattice structure and energy bands

Graphene consists of a planar sheet of carbon atoms arranged in a hexagonal structure
that is reminiscent of honeycomb or chicken wire. The 2s, 2p, and 2p, orbitals of each
carbon atom hybridise to form three strong o-bonds with neighbouring atoms in the zy
plane. The remaining 2p, orbital of each atom projects out perpendicularly from the
lattice plane. Strong overlap between neighbouring p, orbitals creates 7* and w-bands of
delocalised electrons above and below the lattice respectively. It is these m and 7* bands
which govern the charge transport properties of graphene 4>

The lattice structure of monolayer graphene is shown in Figure 2.1p. It is comprised
of two inter-weaved triangular sub-lattices which together form a hexagonal structure.
The unit cell contains one atom from each sub-lattice, denoted A and B respectively. The

lattice vectors can be expressed in terms of the length of the o-bond between carbon atoms

(a = 1.42A4).

aj — g (3, \/5) (2.1)

ay = (3.-v3) (2.2)

The first Brillouin zone also has a hexagonal structure, as illustrated in Figure [2.1Db,

with reciprocal lattice vectors denoted by and bs.

by = ?TZ (1, Jé) (2.3)
by = :272 (1.-v3) (2.4)

The first Brillouin zone encloses several high symmetry points which are labelled in

Figure . Of particular interest are the K /K’ points with wavevectors K = (g—g, 33’%@)

6
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Figure 2.1: The lattice structure of monolayer graphene. a) The A (blue) and
B (yellow) sublattices of monolayer graphene. Nearest neighbour distances (d1,02,03) and
lattice vectors (aj, ag) are labelled. b) The first Brillouin zone of the reciprocal lattice,
enclosed by lattice vectors by and by, contain high symmetry points K, K’, T' and M.

Reproduced with permission./4®

and K' = (%—Z, — 3\2/%) respectively. A satisfactory calculation of the energy band struc-
ture of graphene can be achieved by solving the Schrodinger using the tight binding Hamil-
tonian and limiting considerations of interactions between atomic orbitals to just the three
nearest neighbours of each atom (vectors &1, é2 and d3).2 The resultant energy dispersion

of this calculation is
kg 3ak 3ak
E (kg, ky) = £704| 1 + 4cos <3a2 ) cos <\[2ay> + 4cos? <\f2ay> (2.5)

where 79 ~ 2.8eV is the hopping integral between nearest neighbour atomic orbitals4?

Equation (2.5) is plotted in Figure with k; and k, extending just beyond the first

Brillouin zone. From this, we can see that valence (E < 0, 7) and conduction (E > 0,
7*) bands are formed, which intersect at the K and K’ points of the reciprocal lattice for
E = 0. The two free p, electrons per unit cell completely fill the m-band and leave the
m*-band unoccupied. As a result, the Fermi energy, Er, of intrinsic graphene is located
at these points of intersection. Graphene is therefore a zero-gap semiconductor, otherwise
known as a ‘semi-metal’.

Because Erp = 0 in pristine samples, the transport properties of graphene at experi-
mentally attainable levels of doping (—1leV < Er < 1eV') can be described by evaluating
Equation for small changes in wavevector, x, about the K and K’ points. The result-

ing low-energy dispersion relation is expressed in Equation (2.6)) and shown graphically in

Figure [2.5b.

g == (320@) |k| = £hop |K| (2.6)

46

Where vy ~ 10ms~! is the Fermi velocity#® Within this low-energy regime, the

energy dispersion describes conical conduction and valence bands where the size of the

7



CHAPTER 2. THEORETICAL CONCEPTS

Figure 2.2: The bandstructure of monolayer graphene. a). The energy disper-
sion of monolayer graphene (Equation , calculated using the tight binding model)
throughout the first Brillouin zone. The 7* conduction band and 7 valence band touch
at the K and K’ points of the reciprocal lattice. b) Magnified image of the linear band

structure at the K and K’ points for low energies. Reproduced with permission 45

Fermi surface varies linearly with energy. The density of states, D(E), in this range is

D(E) = % - h‘fz’z (2.7)

2.1.2 Graphene transistors

In a field effect transistor (FET) structure, the electronic properties of graphene can be
experimentally probed. A schematic of a graphene FET is provided in Figure 2:3h, it
consists of a film of monolayer graphene laminated to a highly p-doped silicon substrate
with a thermally-grown surface oxide of SiOy which acts as a dielectric. SiO9 layers are
approximately dg;o, ~ 280nm thick in most devices. In this configuration, the dielectric
is thick enough to not breakdown under small applied voltages and thin-film interference
effects enhance the optical contrast of monolayer graphene on the substrate such that it can
be readily identified under examination with an optical microscope T Metal electrodes are
thermally evaporated onto select regions of the graphene film so that it can be electrically
contacted. This is achieved by use of a shadow mask or optical/electron beam lithography
procedures. If the measurement circuit sketched in Figure[2.3p is established and a positive
gate voltage (Vi) is applied to the silicon substrate, a compensating negative charge
density (An) will accumulate in graphene according to the capacitance per unit area of

the SiO9 dielectric.

- (A
An = 9 AYE) 7y 109AV,  [em™?] (2.8)
lq| dsio,
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Here, ¢ is the permittivity of free space and €, ~ 3.9 is the relative permittivity of
the SiO9 dielectric. From Equation (2.8]), we find that for a practical gate voltage range of

2 can be induced

—80V < Vg < 80V, charge carrier densities as large as n = 6 x 102em™
in graphene. Assuming that graphene is initially intrinsic at Vg = 0V (An = n), we can
equate the applied gate voltage to a change in Fermi level by integrating Equation ([2.7)

with respect to energy and substituting into Equation (2.8)).

EF = hUF\/TrTL (2.9)
Er ~3.0x 107%/AVg  [eV] (2.10)

For the aforementioned range of gate voltages, the Fermi level of graphene can be
modulated such that —270meV < Er < 270meV. Hence, the Fermi level of graphene can
be swept across a significant portion of the linear band regime via electrostatic gating.
Figure shows a plot of conductivity as a function of gate voltage for a graphene FET
measured at low temperature (7' = 10K) in order to suppress electrical noise. Because of
the absence of an energy band gap, a continuous transition between p-type (Vg < 0, Ep <
0) and n-type (Vo > 0, Er > 0) doping is observed. If the graphene sample is already
extrinsically doped, a gate voltage Vonp will be required to reach charge neutrality. This
‘charge neutrality voltage’ can be used as a reference potential to calculate the absolute
charge carrier concentration in graphene using Equation . For sufficiently high charge
carrier densities, graphene can be considered a two-dimensional electron gas and a classical

model of conductivity is valid.

o = nep (2.11)

The charge carrier mobility, p, can therefore be experimentally measured via the
electric field effect described in Equation At low charge carrier densities (n <
1 x 101 em™2), a quantum mechanical interpretation of electrons in graphene must be
considered which uses the Dirac equation. In this case, a minimum conductivity of
Omin ~ 4€2/h arises from inter-band ‘zitterbewegung’ transitions of charge carriers*®
This value of 0., corresponds to the conductance quantum, e?/h, multiplied by the
two-fold spin degeneracy and two-fold valley degeneracy (K, K') of charge carriers in
the first Brillouin zone. In practice, all but the smallest, cleanest graphene devices will

deviate from this minimum conductance due to lattice disorder and inhomogeneous dop-

ing across large samples. Because of this, o,,;, is often evaluated empirically from gated
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Figure 2.3: Electric field effect in graphene transistors a). Schematic of a graphene
field effect transistor (FET) and an associated measurement circuit, where a gate votlage
Vi is applied to the Si/SiO9 substrate and a comparatively small voltage, Vpg, is applied
between source and drain electrodes. b) Conductance as a function of gate voltage in a

graphene FET measured at T' = 10K. b) is reproduced with permission.¢

measurements akin to Figure 2.3p. Equations (2.9) and (2.11)) can be combined to form a

phenomenological description of the conductivity of monolayer graphene.

5+ Oin (2.12)

Equation (2.12) may also be written in the form

0 (E) = Opmin <1 + fj) (2.13)

where A = ,/hv%e/47m, assuming o = 4e? /h. Alternatively, A can be assessed
empirically from in a gate sweep measurements of a graphene FET. Disorder and inhomo-
geneous doping creates a Gaussian distribution of Er across the channel and 0,,,;, will span
a wider range of Vj. Lastly, the electrical conductivity and thermal conductivity, x, can
be related to one another using the Wiedemann Franz Law?? when the energy-dependent

term dominates Equation ([2.12]).

("B)QT (2.14)

2.1.3 Phonons in graphene

Lattice vibrations within a crystal will distort the local band structure, resulting in
electron-phonon coupling. These processes are relevant for understanding the origin of
hot carriers in graphene, so we will review some essential concepts here. For the simplest

case of scattering in a conductor, an electron of energy Ej and wavevector k emits or

10
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absorbs a single phonon and then occupies a final energy state Fj with wavevector k'.
Conservation of energy and momentum dictate that Equations (2.15]) and (2.16]) must be

satisfied 22

hw(q) = £ (B — Ej) (2.15)
a=k —k (2.16)

Here, hw (q) and q are the energy and wavevector of the phonon respectively. The
highest-energy phonon mode in a crystal is still considerably lower than that of conduction
electrons (hw (qp) << Ep). As a result, we may visualise the maximum allowed transfer
of energy between a scattered electron and the crystal lattice by extrapolating between two
allowed states on the Fermi surface with a phonon wavevector of magnitude |qmm|.49’50
Examples of these electron-phonon scattering events are shown in Figures 2.4h-c for the
case of a typical metal. The Debye temperature, Tp, sets the temperature above which
all phonon modes in the crystal can scatter with electrons (see Figure ) If the tem-
perature falls below Tp (see Figures and ), thermal energy is no longer sufficient
to excite the highest frequency phonon modes and they are ‘frozen out’ of scattering pro-
cesses. The maximum possible energy transfer between an electron and the lattice is then
successively reduced with temperature, this is known as the Bloch-Griineisen regime.>!
An elegant feature of graphene is that the same effect can be achieved by simply tuning
the Fermi level at room temperature. Figures[2.4d-e illustrate the phase space restrictions
imposed on electron-phonon scattering events as the p-doping in a sheet of graphene is
gradually reduced. This can be achieved by electrostatic gating®! or, as Chapter [5| will
show, by chemical modification. Stiff C-C bonds in the graphene lattice produce extremely
high energy optical phonon modes with a Debye temperature of Tp ~ 2800K. The Bloch-
Griineisen temperature, Tgg < Tp, effectively acts as a ‘variable Debye temperature’ and

imposes the limit |qumqz| < 2kF on electron-phonon scattering.

Tpe = 2hvskp/kp (2.17)

In Equation (2.17)), vs ~ 2 x 10*ms~! is the speed of sound (i.e. acoustic phonons).?*
An important implication of this effect is that heat transfer from excited electrons and holes
to the lattice is very inefficient in graphene at low levels of charge carrier concentration.

We will return to this concept in Section [2.4.2]

11
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Figure 2.4: Freezing out phonons at room temperature. Illustrations in reciprocal
space of the Fermi surface (green circle) and phonon modes (purple circle) Left: A 2D
conductor with a Fermi surface comparable to the Brillouin zone (|2kp| > |gp|). a) At
temperatures greater than the Debye temperature, Tp, all phonon modes are active and
p < THY b) At kgT < kpTp, we enter the Bloch-Griineisen regime, where p oc 7451
High energy phonons are frozen out and ¢q; = kpT/hvs. ¢) At even lower temperature,
many more phonons are frozen out and electron scattering angles become shallow. Right:
Monolayer graphene, where the Fermi surface is smaller than the wavevector of optical
phonons. Tpg = 2hvskp/kp < Tp now sets the threshold temperature of the Bloch-
Griineisen regime. d-f By tuning the Fermi level in graphene progressively closer towards
the charge neutrality point at constant temperature, Tsg is reduced and more phonon

modes are frozen out from charge scattering processes.

12



2.2. OPTICAL PROPERTIES OF GRAPHENE

2.2 Optical properties of graphene

2.2.1 Light absorption

The absorption of light can occur via direct (Ak = 0) and indirect (Ak # 0, i.e. phonon-
assisted) excitation of an electron by an incident photon of appropriate energy. The
band structure of graphene, detailed in Figure enables direct excitation of electrons
between the 7 and 7* bands for photon energies up to approximately 3.96eV 23 The
transmittance spectrum of monolayer graphene is shown in Figure 5 Transmittance
remains remarkably consistent, even for transitions outside of the linear band regime, with
the inset plot showing each graphene sheet in a few-layer stack to absorb approximately
2.3% of white light.

In the case of doped graphene, the Pauli exclusion principle prevents excitation of
electrons from the valence band to the conduction band by incident photons of energy
hv < 2|Ep|. The same restrictions are imposed in p-doped graphene due to the absence
of available ground state electrons. Illustrations of these forbidden transitions are shown
in Figures [2.5b and [2.5k. A result of this effect is that graphene has a gate-tunable trans-
mittance spectrum. However, the limitations of standard electrostatic gating methods
(see Equation (2.10))) mean this effect only becomes practically relevant at mid-infrared

wavelengths in graphene FETs.

13
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Figure 2.5: Light absorption in graphene. a) The transmittance of suspended
monolayer graphene across visible wavelengths. Inset: Transmittance of white light as a
function of layer number for few-layer graphene. Reproduced with permission® Allowed
and forbidden transitions for direct excitation of electrons by a photon of energy hv in b)

p-doped and c) n-doped monolayer graphene.

2.3 Optoelectronic devices

2.3.1 Photodetectors

A photodetector is an electronic device which produces a measurable change in current
(Iph) and/or voltage (Vp;) under illumination with light of an appropriate wavelength.

I

ph and Vp, are referred to as photocurrent and photovoltage respectively. The active

materials in photodetectors typically consist of semiconductors. In this thesis, we will also
use a semi-metal, graphene. Also, we will only consider photodetectors which produce
photocurrent rather than photovoltage signals. Before discussing specific devices which

are relevant to this thesis, we will first introduce some general figures of merit.

Responsivity
_ Iph()‘)

[A/W] (2.18)

The responsivity (v) of a photodetector describes its sensitivity to light. It is the
photocurrent measured per incident Watt of light. A is the area of the ‘photo-active’
light-absorbing region of the photodetector and P (\) is the power density of incident
light.

External quantum efficiency

naE() =A(\) - f; (2.19)

14
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The external quantum efficiency, or EQE, is the responsivity of a device in terms of
fundamental particles. It defines the number of electrons or holes, with charge ¢, extracted
as photocurrent per incident photon of energy hv. |nggr| < 1 unless the photodetector

has an internal amplification mechanism, such as photo-conductive gain.

Internal quantum efficiency

niQe(A) = neqe(A) /Ax(A) (2.20)

The internal quantum efficiency, or IQE, describes the number of charge carriers
extracted as photocurrent per absorbed photon. A) is the absorbance of the photo-active

layer.

Noise spectral density

i 1o 4l

Sn = (fni = fi0)

[AHz_l/Q] (2.21)

The noise spectral density is the electrical noise, I2, of a photodetector integrated
over a bandpass frequency range Af = fr; — fi, and normalised to the square root of that

bandwidth.

Noise-equivalent power

NEP(\) = SnvVAT (W] (2.22)

The noise equivalent power, or NEP, is the incident optical power at which I, /I, =
1 for a noise bandwidth of Af = 1Hz. This defines the weakest incident optical power

which can produce a measurable photocurrent signal.

Specific Detectivity

VAR A(W)WA _
= NEP(Y) — 5, emW ™ HZY? (Jones) (2.23)

D*(A)

Detectivity, D(\) = 1/NEP(\), was originally considered to be the accepted figure
of merit by which to compare the sensitivity of different photodetector devices. However,
D is affected by extraneous parameters, such as Af and A, which determine the noise
current within a photodetector. Instead, the specific detectivity, D*, is now widely used
to account for these variations. There are several presumed postulates associated with
Equation ,54 which include an assumption that the noise spectral density is governed

by ‘white noise’ (S, o (fzw)?) and that S, o< A='/2 is true. Both of these conditions
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fail in the case of graphene, where 1/ f-type ‘flicker noise’ is dominant at low operating
frequencies (fpw < 10kHz).?? Nevertheless, D* is still commonly used as a figure of merit

for graphene photodetectors.

Linear dynamic range

Psa
LDR = 10 x logy < N E;) [dB] (2.24)

The linear dynamic range, LDR, defines the range of incident optical power over
which responsivity is invariant. The lower limit of this range is set by the noise-equivalent
power and the upper limit is set by the saturation power, Ps,, at which point the respon-

sivity of a detector begins to change.

2.3.2 Polymer light-emitting diodes

Light emitting diodes are electrically rectifying junctions which emit light under an applied
forward bias voltage. Polymer LEDs, or PLEDs, are a sub-set of these devices in which
the active light-emitting layers consist of conjugated organic macromolecules. We will only
encounter these devices briefly in Chapter [4. The following section is therefore a simplistic
overview of a few essential concepts.

PLEDs are operated in forward bias configuration, such that electrons are injected
through the cathode and holes are injected through the anode. The work function of each of
these electrodes is carefully selected so as to facilitate efficient transport of holes/electrons
into the HOMO/LUMO of the active layer respectively. If the alignment between an
electrode’s work function and an energy band of the active layer is non-ideal, or if an
asymmetry in carrier mobility limits the efficiency of recombination, then intermediary
electron/hole transport layers and electron/hole blocking layers are employed respectively.
A rudimentary energy band diagram of a PLED in forward bias is illustrated in Figure
. The anode and/or the cathode must be transparent in order to allow light to escape
the PLED. The conventional layer structure is to use a transparent anode, wheras inverted
structures use transparent cathodes. Examples of these structures are illustrated in Figure
[2.6b. In Chapter [4 we will present a novel transparent conductor based upon few-layer

graphene and show that it can function as a cathode in inverted PLEDs.

Luminance efficiency

AL
=g [ed/A] (2.25)
DS
The luminance efficiency, 77, describes the luminance (L) of a PLED per unit of

current density.”® Luminance is a photometric unit of light intensity per solid angle which
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Figure 2.6: Basic working principles of a PLED. a) Energy band diagram of a
PLED in forward bias configuration. A hole transport layer (HTL) and hole blocking
layer (HBL) are included either side of the light-emitting polymer layer. b) Schematics of

the conventional and inverted layer structures of PLEDs.

accounts for the responsivity spectrum of the human eye.

2.4 Optoelectronic properties of graphene

2.4.1 Hot electron cooling

A common assumption in semiconductor physics is that photo-excited charge carriers will
rapidly transfer their kinetic energy to the lattice as heat and reach thermal equilibrium
within sub-picosecond time-scales. This is not necessarily the case in graphene. As we
outlined in Section the small Fermi surface of graphene imposes tight phase-space
restrictions on the number of phonon modes available for scattering processes and the max-
imum energy which may be transferred per collision. These constraints are most extreme
at low levels of charge carrier concentration. If an electron is promoted to the conduction
band by the absorption of a photon with energy Ey < 2eV, it will initially occupy a state
in the linear region of the conduction band with wavenumber k;, = Ey/2hvp. As the
excited electron loses energy through electron-electron and electron-phonon scattering, ky,
decreases and will rapidly freeze out phonon modes in the same manner as kr in Figures
[2.4d-f. Hence, a bottleneck in electron cooling is reached, where even low-energy collisions
with acoustic phonons are infrequent. Excited charge carriers therefore remain ‘hot’, with
their temperature T}, above that of the lattice T}, for as long as 10-100 picoseconds®258
depending on the environmental temperature and height of the Fermi level. Figure
illustrates a population of hot electrons, with chemical potential ¢., located marginally
above the Fermi energy in n-doped graphene under conituous wave (CW) illumination.
An expression for the rate of scattering events between a conduction electron and a sin-

gle acoustic phonon in graphene for temperatures outside of the Bloch-Griineisen regime
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Figure 2.7: Acoustic phonon bottleneck and supercollisions in graphene. a).
Band diagram sketch showing a distribution of hot electrons in the conduction band of
marginally n-doped graphene. b) Phase space scattering diagram which shows momentum-
conserving interactions between hot electrons and acoustic phonons (black arrows) and a
two-phonon ‘supercollision’ event, where the hot electron scatters with wavevector qs. to

a site of disorder and recoils with wavevector g,

(T > Tgg) has been calculated by Hwang et. al®? using Boltzmann transport theory.

_ 3D}
C4An?h3p,vptkpT),

In Equation (2.26), D ~ 20eV is the typical screened deformation potential on

Vh (2.26)

SiO9 /Si substrates® and p,,, = 7.6x10~7kgm~2 is the mass density of monolayer graphene.
Under phase space restrictions where conventional electron-phonon scattering mech-
anisms are suppressed, processes which usually make a negligible contribution towards

12429 recognises that short-

electron cooling become relevant. The ‘supercollision’” mode
range scattering at sites of disorder allow a far larger transfer of energy and can be the
dominant mechanism of cooling hot carriers. Figure sketches an example of such an

event. The rate of heat loss (H) when supercollisions are dominant is given by Equation

227

9.629°D(¢0)* k5>
N hkpl
Here, g is the electron-phonon coupling frequency, D(¢.) is the density of states and

Hse =C (T’ - T,°), C (2.27)

[ is the mean free path of hot carriers. The relative contributions of acoustic phonon
scattering (Hap) and supercollisions (Hgc) to the rate of heat loss from photo-excited
charge carriers is determined by the degree of disorder in the sample, the environmental

temperature and the size of the Fermi surface 2%

Hse 077 (Ti? + TyTL + T1?)
Hap  kpl Tg?

(2.28)
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2.4.2 Photocurrent mechanisms

A wide range of physical mechanisms can produce current in graphene under illumina-
tion! As a starting point, we will consider short circuit (Vpg = 0V') photocurrent signals
that are relevant to asymmetrically-doped lateral graphene junctions, such as the example
illustrated in Figures and [2.8b. In these devices, two discrete regions of the channel
are doped such that a local gradient in the chemical potential of charge carriers, V.,
is present at the interface. Here, the chemical potential defines the 'quasi-Fermi level’
of excited charge carriers. Under dark conditions, if kT << Ep. Possible methods of

23,26,60,61] 1 selective chemical

creating this arrangement include local electrostatic gating
doping 2762164 We will present one such method in Chapter [5l We can express the short
circuit current density, J,;, as a summation of the photovoltaic and photothermoelectric

mechanisms affecting charge transport within these devices*?

Jpn = —pnpn(r)Voe(r) + o SVT), (2.29)

Here, the chemical potential is evaluated from a reference potential energy, Ecnp, at
charge neutrality in graphene (Ecyp — Eyac = 4.55¢V with respect to the vacuum level®?).
An example of this convention is illustrated in Figure[2.8h. For the sake of visualising band
bending across the interface, we will plot spatial variations in —¢.(r). The first term on
the right hand side of Equation describes the movement of a photo-excited charge
carrier density, n,p,, under the built-in chemical potential gradient at the interface. The
second term accounts for the diffusion of hot charge carriers along a temperature gradient
VT}, which is created by illuminating the interface with a focused light source. T}, refers
to the temperature of hot charge carriers which, from our discussion in Section [2.4.1
cannot always be assumed to equilibrate with the lattice. S is the Seebeck coefficient, also
known as the absolute thermoelectric power®? These two terms are commonly referred
to as the ‘photovoltaic effect’ and the ‘photothermoelectric effect’ in literature relating
to graphene and two-dimensional materials2l' This nomenclature does not correlate with
the general definition of the photovoltaic effect as any combination of physical processes
which produce both a measurable voltage and current when a material is illuminated
(assuming an appropriate load resistance is connected in series). The general definition
would encompass both terms in Equation . Having addressed this disparity, in this
thesis we will maintain the nomenclature established by the graphene research community
by referring to ‘photovoltaic’ and ‘photothermoelectric’ components of photocurrent. Re-
arranging Equation , we can define the net short circuit photocurrent, I,,,flowing

across the graphene interface.
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Figure 2.8: Photo-thermoelectric and photovoltaic contributions to photocur-
rent in graphene at short circuit. a) Energy band diagrams illustrating the asym-
metric doping in regions (1) and (2) either side of a p-n junction in graphene. b) Sketch
of a graphene p-n junction illuminated locally at the interface with a focussed laser. The
chemical potential of regions (1) and (2) are equal and opposite with respect to the charge
neutrality point. c¢) The Seebeck coefficient of graphene as a function of chemical po-
tential according to the Mott relation in Equation . d) Sketched temperature of
excited charge carriers as a function of displacement from the illuminated p-n junction
in b). Note that AT > 0 is sustained outside of the laser spot profile. Changes in e)
the Seebeck coefficient and f) chemical potential are sketched across the same junction.
The direction of conventional current (positive charge carriers) is shown for photovoltaic
(PV) and photo-thermoelectric (PTE) mechanisms across g), h) a p-n junction and i),
j) a p-p’ junction in graphene according to sketched gradients in chemical potential and
photo-excited charge carrier density. n,, < 0 corresponds to holes as free charge carriers.

The chemical potential across each junction is labelled in c).

20



2.4. OPTOELECTRONIC PROPERTIES OF GRAPHENE

1 w/2 L/2 L
b= g [ o |y 180 Vi) =™ ) g (2:0) Ve )]
(2.30)
Here, L, W and R are the length, width and total resistance of the graphene channel

respectively.

Photo-thermoelectric effects in graphene

The Seebeck coefficient describes the extent to which charge carriers in a metal or semi-

conductor will re-distribute via diffusion under a temperature gradient.?”

S = —AV/AT (2.31)

Equation [2:31] describes the polarity convention of the Seebeck coefficient, whereby a
positive/negative coefficient corresponds to positive/negative charge accumulating at the
cold side of a temperature gradient. Unless minority charge carriers have a significantly
higher diffusion coefficient than majority charge carriers, this usually results in p-type/n-
type metals and semiconductors displaying a positive/negative Seebeck coefficient. The
Mott relation2*%7 shown in Equation can be used to calculate the Seebeck coeffi-

cient of graphene.6®

 ©kE’T, 1 90 (E)
3e o(¢c) OF |E=¢.

This model is based upon the Sommerfeld expansion so is only valid for degenerate

S =

(2.32)

semiconductors and metals at temperatures where kT << ¢.. Using equation (2.13]), we
can express the Seebeck coefficient in terms of the chemical potential of graphene.
©2kgT), 2¢,

S=—t i) (2.33)

We plot the function S(¢.) in Figure with T}, assumed to be constant. This

approximation breaks down at extremely high levels of doping (7}, will approach the lattice
temperature) but our estimate of the Seebeck coefficient is not radically affected because
(0o /OFE) /o tends towards zero in this regime anyway. The gradient of S(¢.) changes sign
twice throughout the energy range plotted in Figure 2.8b, resulting in a ‘sixfold pattern’
of photocurrent polarity in devices with split electrostatic gates.2>Y This is considered
to be a hallmark signature of thermoelectric effects in graphene.

The temperature of photo-excited charge carriers across the a p-n junction in graphene
is sketched in Figure [2.8d. Hot carriers are created at the locally illuminated junction and

diffuse outwards, maintaining an elevated temperature over the cooling length, ¢.42

21



CHAPTER 2. THEORETICAL CONCEPTS

= ,/%Ié,el (2.34)

Here, k is the thermal conductivity of graphene, -y, is the electron phonon scattering
rate and Cg; is the specific heat capacity of charge carriers. The elevated temperature of
hot carriers at the interface relative to the lattice, AT = T}, — T}, is a difficult term to
measure experimentally. In Chapter we use a solution offered by Song et. al? who have
developed a general expression for AT using Green’s function. They assume a Guassiam

laser beam profile and all parameters except T}, to be invariant along the channel’s width.

axeoloNpn
2
treoth (%) + S coth (%) + A% (82— S1)

In Equation ({2.35)), vy is the fraction of an absorbed photon’s energy which is retained

AT =

(2.35)

by the hot electron system at quasi-equilibrium. [y is the laser spot diameter and N,
represents the flux of photons absorbed at the junction averaged over the channel’s width.
If the p-n interface is sharp and doping in each region is uniform, the change in

Seebeck coefficient sketched in Figure can be approximated as a step function and
Equation ([2.30) becomes

1
Iprg = E (Sl — SQ) AT. (236)

AT is often mistaken as the temperature difference either side of the junction due to
unclear definitions of Equation (2.36)) in two highly-cited review articles 2159 Substituting

into Equation (2.36)), we arrive at an expression in terms of the chemical potential (see
Figure ) and conductivity either side of the channel.

272 k2 Th AT Omi Omi
1o 2kETh Ny (1= Tmin ) _ ., (1 = Tmin 2.
PTE SR o1 e [¢ 2 < - ) Ge1 ( = )] (2.37)

As a last point, we can use Equation to examine the power dependence of photo-

thermoelectric current in graphene?® The hot carrier cooling rates, H, predicted for

24|25

the electron-phonon scattering models of supercollisions and acoustic phonon scatter-

2810 are listed in the second column of Figure Under continuous-wave illumination,

ing
a steady-state is reached when the optical power imparted to hot carriers equals the rate of
heat transfer to the lattice (P = H). The proportionality H o T}, of each cooling rate can
be substituted into Equation (2.37))) to find the power law Iy s o P23 Resultant values
of a for the regimes of high and low incident optical powers (T}, >> T, and T}, << T},

respectively) are listed in the last two columns of Figure Upon comparison, it becomes

clear that the responsivity of graphene photodetectors which exhibit photo-thermoelectric
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Electron - phonon P(Ty) a a
scattering model = H(Ty) (T, » T)) (T, —T, < Ty)
My AT
A°°(‘]‘:t}°>p>h‘;:;’ " anAT,-T) 25 ~1
Aco(t;;t;c<p<h;:;>"s A'(Ty, —T) n/a ~ 1

Figure 2.9: Power dependence of photo-thermoelectric current in graphene.
Compiled power exponents, «, of photo-thermoelectric current models where Iy;7p o< P.
a is calculated for both the high optical power/low temperature (1}, >> T7) and low
temperature/high optical power (T}, << T7) regimes based on the electron cooling rate,
H. In total, « is predicted for three different hot-carrier phonon scattering regimes: super-

24|25

collisions, acoustic phonon scattering at low doping?* and acoustic phonon scattering

at high doping™ A, A’ and A” are separate coefficients.

current signals are unstable to variations in temperature, ambient doping, disorder and
optical power. This is not ideal for applications such as radiometry, where a consistent and
simple power law is essential over a wide dynamic range. In Chapter [5, we will address

this issue using FeCls-intercalated few-layer graphene.

Photovoltaic effects in graphene

The photovoltaic term in equation (2.30) can be simplified if we make the assumption that

parameters are invariant across the channel width and substitute conductivity terms with

Equation (2.13)).

Bpn (y=0) [“/*

Omin —L/2

Ipy = —

1
Ve (y) (1 ¥ d"fé)z) dy (2:38)

By changing variables, we find a complete expression for the photovoltaic contribution

to short circuit photocurrent:

_,unphA. -1 @ - -1 @
IPV_UmmR [tcm (A> tan (A >} (2.39)

Equations ([2.37)) and ([2.39), which are based upon the work of Song et. al.,?? will be

applied to the case of FeCls-intercalated few-layer graphene in Chapter

Photoconductivity of graphene

If a voltage is applied between the source and drain electrodes of a graphene transistor,

incident light will modulate the channel’s conductivity via temperature-induced changes
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to the charge carrier mobility and/or an increasing the number of free charge carriers. A
local change in the density of states (e.g. a p-n junction) is therefore no longer required
to observe a photocurrent signal.

The temperature-dependent component of photoconductivity, known as the ‘bolo-
metric effect’, is governed by the same electron-phonon scattering processes which we
have already applied to hot carrier diffusion in short-circuit photocurrent signals™ For
the case of graphene, o oc T~* in the Bloch-Griineisen regime (7' < Tpg) and 0 o< T~ in
the ‘equipartition regime’ (T > Tg).*? Over a small range of temperatures, an empirical

bolometric coefficient, 3, can be measured to describe this effect. ™

B(Ve) = AI(Ve) /AT (2.40)

The bolometric coefficient will vary according to the heat-sinking characteristics of
each device’s substrate.
The second component of photoconductivity is simply a change in conductivity when

a density of free charge carriers, nyy,, is excited under illumination 2

Ao = qnppp (2.41)

Photo-excited charge carriers will recombine after an average lifetime 77,. This lifetime
is a weighted average of several time constants if a variety of charge trap states are present.
The generation rate of charge carriers in steady state is therefore given by Equation (2.42)).

TNiph P

=A\  — 2.42
TL A hv ( )

Here, A) is the absorbance of graphene. Substituting Equation (2.41)) into Ohms law,

we find an expression for the photocurrent density.

eunpnVps
L

If we then substitute Equation into Equation ([2.43), we can re-arrange for an

JIph = (2.43)

expression of the external quantum efficiency, npgr = (hv/e)(Jpn/PL), of drift-assisted

photoconductivity in graphene.

neQe = (Ax) - (TLTQ/DS> (2.44)

The left set of brackets enclose a quantum efficiency term which describes the number
of free charge carriers created per incident photon. We have equated this to absorbance

because electron-hole pairs do not form tightly-bound excitonic states in graphene, so an

24



2.4. OPTOELECTRONIC PROPERTIES OF GRAPHENE

absorbed photon should almost certainly produce free charge carriers. The right term
in brackets describes the photo-conductive gain, G, under an applied source-drain bias

voltage. This can be expressed purely in terms of timescales

G=-">- (2.45)

Ttr

where 74, = L? /1Vps is the transit time for a photo-excited charge carrier to drift be-
tween source and drain electrodes. It follows that if long-lived charge carriers drift across
a suitably small channel length. then 77, /7, >> 1 and we have a mechanism of amplifying
photocurrent signals. However, photo-excited charge carriers in monolayer graphene typi-
cally only last 1-100 picoseconds before recombining to their ground state 2%58 This makes
graphene photodetectors extremely fast, with intrinsic operational bandwidths approach-
ing 500G H z /%3 but it also means that photo-conductive gain cannot be realised in practical
device geometries. Furthermore, as was discussed in Section [2.2.1] monolayer graphene
exhibits weak, broadband absorbance of Ay ~ 0.023.2 A combination of low absorbance
and short carrier lifetime results in very weak response to light (nggr ~ (0.01 — 1)% and
v ~ (107* —1072)AW 1) in graphene photodetectors without the use of plasmonic ar-
rays or wave-guides to enhance absorption.?!’ A commonly employed method to overcome
these challenges is to combine graphene with a semiconductor material which enhances

light absorption and 77, such that a net gain (nggr > 100%) can be achieved.

Photo-gating effects

The ‘photo-gating effect’ occurs in photodetectors where a semiconductor layer is placed
in direct contact with the channel of a graphene transistor, as is illustrated in Figure 2.10h.
These device structures are referred to as phototransistors?? Similar to photo-conductive
devices, phototransistors are operated with a non-zero bias voltage (Vpg) applied between
source and drain electrodes. Under illumination with photons of energy hv > E,, where
E, is the band gap energy of the semiconductor, electron-hole pairs are generated in
the semiconductor layer with efficiency 74e,. Depending on the dielectric constant, the
Coulombic force of attraction between the electron and hole can either be overcome by
kpT or will require a suitably large electric field to facilitate dissociation into free charge
carriers. In either case, the efficiency of dissociation is 74;ss. Once dissociated, charge car-
riers can be separated across either side of the graphene-semiconductor interface according
to a built-in field or selective trapping of electrons/holes in the semiconductor layer. The
efficiency with which one of the free charge carriers from the dissociated electron-hole pair

transfers across the interface is nop. The result of this entire process is that the charge
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carrier density in graphene is modulated under illumination. This is illustrated in the
band diagram and energy level diagram in Figure [2.10b. The generation rate of excited

charge carriers in graphene due to the photo-gating effect can be expressed as

An P
- L 2.46
. pa - 3= ( )

where 77, is the average lifetime of the photo-excited charge carrier which remains
in the semiconductor layer. npg = 7genNdisscr is the photo-gating quantum efficiency
(PGQE), it describes the number of charge carriers injected into graphene per incident
photon. If the phototransistor is electrostatically gated, it follows from Equation that
illuminating the channel will shift the gate voltage required to achieve charge neutrality
in graphene, AVonp. This is sketched in Figure [2.46fc. The semiconductor layer therefore
effectively acts as a light-modulated electrostatic gate, hence the term photo-gating.

Excluding the mechanism of charge carrier generation, the photocurrent density mea-
sured at the electrodes is governed by the photo-conductive effect (Equation ) We
can therefore treat Equation in the same manner as Equation to develop an
expression for the external quantum efficiency of graphene phototransistors.

TLMVDS>

neqe = (Npc) - <L2 (2.47)

The appeal of graphene phototransistors in comparison to graphene photoconductors
now becomes apparent. If the charge carrier dynamics illustrated in Figure [2.10d can
be tailored such that npg is maximised and 77, >> 7., graphene can be engineered into
an amplified photodetector which is capable of responding to light signals that are many
orders of magnitude below the noise-equivalent power of the lateral junctions measured in
short circuit and the pristine photo-conductive devices discussed earlier. We will present

a novel variation of a graphene phototransistor in Chapter [6]
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Figure 2.10: Working principles of a graphene phototransistor. a) Illustrated de-
vice structure of a graphene phototransistor. b) Left: Sketched band diagram of graphene
showing the change in chemical potential (dashed line) when the phototransistor is il-
luminated. Right: Energy band diagram of a graphene-semiconductor interface. In the
semiconductor, electrostatically bound excitons dissociate into free charge carriers and are
separated by the built-in field at the interface. c¢) Electrical read-out of a graphene photo-
transistor. Transfer of photo-excited electrons/holes from the semiconductor to graphene
cause a down-shift /up-shift of the charge neutrality point by AVoyp. d) Sketch of the
charge carrier dynamics in graphene phototransistors with associated quantum efficiency
terms, 7. Generation of an electron hole pair (7gen), dissociation into free charge carri-
ers (ngiss), charge transfer of charge carriers to graphene (nor), photo-gating quantum

efficiency (npc), photo-conductive gain (G) and external quantum efficiency (ngQg)-
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2.5 Rubrene single crystals

Small molecule organic semiconductors differ markedly from inorganic semiconductors.
The bonding between organic molecules is typically governed by very weak Van der Waals
forces in comparison to covalent and ionic bonds across the lattice of an inorganic semi-
conductor. In general, this makes organic semiconductors more pliable than inorganic
counterparts and allows them to be synthesised at far lower temperatures. Both of these
traits are appealing for the purposes of developing cheap, flexible electronic devices. How-
ever, the lack of significant overlap between the electronic wavefunctions of neighbouring
molecules means that transport of charge carriers in organic semiconductors is compara-
tively poor and can be particularly sensitive to defects or grain boundaries within a poly-
crystalline film. The use of highly-ordered single crystal organic semiconductors presents
a better prospect of accessing the intrinsic charge transport properties of organic semicon-
ductors. It should be noted, however, that interactions between the crystal surface and
the sample substrate will still present limitations™ Growth of organic single crystals will

be discussed in Section [3.21

In Chapter [6 we demonstrate that single crystals of a small molecule organic semi-
conductor, rubrene, can be used as a light-absorbing layer in graphene phototransistors.
Rubrene is a polyacene; it is comprised of four phenyl groups bonded to the two central
benzene rings of a tetracene molecule. The structures of tetracene and rubrene molecules

are illustrated in Figures 2.1Th and 2.11p respectively. Each carbon atom in these ben-

zene rings form the same sp’-hybridised orbitals as in graphene, with strong o-bonds
between carbon atoms and p, orbitals oriented perpendicular to the plane of the benzene
rings. As we have just mentioned, inter-molecular forces are quite weak in organic semi-
conductors. As a result the electronic structure of a crystalline organic semiconductor
will largely correlate with the energy levels of an isolated molecule. The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of a rubrene
molecule are shown in terms of their probability density functions in Figures and
respectively. These represent the highest energy ground state and first excited state
for 7 electrons in a rubrene molecule. These energy levels are Frgoyo = —4.69eV and

7 The side-arms of rubrene are

FEruvmo = —2.09¢V from the vacuum level respectively:
oriented such that the plane of each phenyl ring lies almost perpendicular (~ 85°)™ to the
plane of the tetracene backbone. As a result, p, orbitals on the side-arms do not intermix
with the rest of the molecule and the HOMO/LUMO orbitals of rubrene remain much the

same as tetracene. The phenyl side groups do, however, have a large effect on the arrange-

ment of molecules in a rubrene crystal. Figure [2.11 shows that, without these side-arms,
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tetracene molecules arrange in a ‘herringbone’ stacking formation whereby they form rows
along the crystal’s b axis with the M axis of each molecule parallel (molecular axis labels
are shown in Figure ) This arrangement does not allow for much overlap of molecular
orbitals projected along the N axis of each molecule. As a result, tetracene single crys-
tals exhibit a maximum room-temperature field-effect mobility of yj, ~ 1.6em?V —1s~14
In the case of rubrene, the phenyl side-arms encourage molecules to form the same her-
ringbone stacking pattern across the ab plane of the crystal. In this case, however, the
molecules arrange in staggered rows with significant co-facial overlap of molecules along
the crystal’s b axis™® (see Figure ) This results in a room-temperature field-effect
mobility of pj, ~ 20cm?V ~1s~1 ™ which is extremely high for an organic semiconductor.
Electronic coupling between rubrene molecules broadens the HOMO and LUMO levels
such that electrons and holes travel in narrow energy bands™

The significant overlap of neighbouring molecular orbitals in rubrene single crystals
has implications for the ability of photo-excited excitons to diffuse throughout the crystal.
Experimental observations of long-range photoluminescence quenching™ and delayed sur-
face photoconductivity signals’™® in rubrene single crystals suggest that long-lived triplet
excitons are formed under illumination via fission of singlet states. Triplet states have a
total spin number S = 1 and multiplicity Mg = 3, in comparison to singlet states where
S =0 and Mg = 1™ Because the electric dipole operator associated with radiative transi-
tions cannot change the symmetry of both the spatial distribution and spin components of
a multi-particle wavefunction,®’ triplet states are forbidden from fast fluorescent decay to
a singlet ground state and remain excited for microsecond time-scales or longer. Triplets
also cannot diffuse via Forster-type resonant energy transfer, which requires an ove rlap
between the emission and absorption spectra of initial and final states®!' Instead, it is ex-
pected that triplet excitons diffuse via Dexter energy transfer which necessitates an overlap
between both the HOMO and LUMO levels of neighbouring molecules.®4 Although this
is an ongoing topic of research, efficient Dexter energy transfer in rubrene is thought to
enable triplet states to diffuse as far as 1um before re-combining 3 This offers a method
by which to overcome the conflicting geometric requirements of efficient light absorption
and efficient extraction of photo-excited charge carriers in organic semiconductors. For
these reasons, we considered rubrene single crystals to be a novel choice of material to
trial as the light-absorbing layer in an organic semiconductor-graphene phototransistor.

We explore this further in Chapter [6
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Figure 2.11: Structural of rubrene and tetracene crystals. Two dimensional
drawings of the molecular structure of a) tetracene and b) rubrene, which contains a
tetracene backbone. C-H bonds have been omitted. The ¢) HOMO and d) LUMO
wavefunctions of rubrene molecules are confined to the tetracene backbone and remain
similar to those of tetracene molecules. The phenyl side groups affect the molecular
stacking arrangement of rubrene molecules. e) Tetracene molecules form a herringbone
structure along the short axis with very little overlap between neighbouring molecular
orbitals. f) Rubrene molecules assume herringbone stacking along the long axes of the
tetracene backbones with a significant transfer integral along the b axis of the crystal.

c)-f) are adapted with permission.™
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3.1 Synthesis of graphene

3.1.1 Chemical vapour deposition of graphene

Chemical vapour deposition techniques are used in Chapters [ and [6] to produce large-area
continuous films of few-layer and monolayer graphene respectively. Both of these processes
involve the heating of a carbon feed-stock, in our case methane gas, in the presence of a
metal catalyst which breaks the gas down and initiates the growth of graphene films on its
surface. A detailed review of CVD growth processes is beyond the scope of this thesis. We
include the essential process details relating to the monolayer films fabricated in Chapter
[6] below. Few-layer graphene films used in Chapter [ were purchased from a commercial

supplier (Graphene Supermarket).

Continuous 1em? films of monolayer graphene used in Chapter @ were grown on 25um
thick Cu foils (99.999% pure, Alfa Aesar) via chemical vapour deposition in a cold wall
furnace (Moorfield NanoCVD-8G). Cu foils were pressed flat and loaded onto the ceramic
heated stage of the furnace chamber which was then purged with Ar gas and evacuated to a
pressure below 0.017Torr. Foils were initially annealed by increasing the stage temperature
under a Hy flow rate of 0.4scem and pressure of 0.017orr. Upon reaching 1035°C, the
stage temperature was kept constant for 10 minutes under the same conditions. After
annealing, the temperature was reduced to 1000°C' and continuous films of graphene were
synthesised via a two stage growth process: nucleation of carbon feedstock for 40s with
Hy and CHy flow rates of 0.4scem and 1.4scem respectively, followed by growth and
coalescence of the graphene grains with an increased C'Hy flow rate of 7scem for 360s.
Once complete, the stage was cooled to room temperature under an argon flow rate of
0.4sccm before the chamber was vented. Growth parameters used are based upon those

reported by Bointon et al®4
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3.1.2 Intercalation of few-layer graphene

Intercalation describes a phenomenon whereby atomic or molecular species are inserted
between the planar sheets of a Van der Waals-stacked material such as few-layer graphene.
The practice of intercalating few-layer graphene was directly inspired from earlier research
efforts conducted throughout the 20th century concerning intercalation compounds of
bulk graphite. A comprehensive review of this topic is provided by Dresselhaus et. al’®>
Intercalation compounds are fabricated by numerous variations of a two-zone physical
vapour transport method. In the case of our experiments, this is conducted in a digitally-
controlled three-zone furnace, where the third zone is surplus to requirement. A schematic
of our apparatus is shown in Figure [3.1h. A sample of few-layer graphene on Si/SiOa,
quartz or any other substrate which is impervious to Cly gas is loaded into a quartz
tube and positioned in zone-1 of the furnace. A glass vial containing anhydrous FeCls
powder is then loaded into the other side of the quartz tube and positioned in zone-2 of
the furnace. FeCls is extremely hygroscopic, so this loading process must be performed
quickly if the powder is to remain dry. Once loaded and sealed with vacuum flanges, the
quartz tube is evacuated to a pressure of 10~ %mbar using a turbo-molecular pump and
rotary pump in series. Approximately 30 minutes after reaching base pressure, the quartz
tube is isolated from the vacuum line and the heating process sketched in Figure is
initiated. The temperature of each zone is increased at an identical rate until zones 1 and
2 reach stable temperatures of T and T; respectively. Both Tz and T; must be sufficiently
high for FeCls to sublimate and the condition Tz > T; is generally adhered to in order
to avoid condensation of intercalant species on the surface of few-layer graphene. After a
set run time, each zone is allowed to cool to room temperature, with the cooling of zone-2
initiated first as an additional attempt to avoid condensation on samples. The temperature
difference between intercalant and sample zones, Tz — 15, is a crucial parameter and will
affect the number of graphene layers which FeCls vapour is able to diffuse between. The
degree of intercalation can be quantified in terms of the staging index, a positive integer
which represents the number of graphene layers between each successfully inserted layer
of intercalant molecules. A diagram for the case of potassium-intercalated graphite is
provided in Figure 3.Ikc. In the case of few-layer graphene, we typically deal with five
or less graphene layers, so staging indexes of 1, 2 and > 2 are sufficient to describe
our samples. The optimum intercalation run parameters used throughout this thesis are

Te = 360°C' and T; = 315°C maintained for 12 hours.

FeCls acts as an acceptor molecule in proximity to graphene, with DFT models

predicting a shift in Fermi energy of —leV from charge neutrality for a graphene sheet
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intercalated to stage-1.2% This presents a radical degree of p-doping compared to what is
practically achievable with electrostatic gating (see Equation ) and so should signif-
icantly impact the optical and electronic properties of few-layer graphene. Figures [3.2h-c
detail these effects 18 In mechanically exfoliated graphene flakes, FeCls intercalation does
not, in fact, produce a significant change in transmittance to visible wavelengths (compar-
ing Figure with Figure ) This can be attributed to an enhancement in 7'r(\) due
to the eliminated interband transitions in highly-doped graphene (see Figure ) and an
approximately equivalent reduction in Tr(\) due to the additional absorbance of FeCls
molecules. A notable change does occur, however, in the electrical properties of few-layer
graphene flakes after intercalation with FeClz. Magneto-transport measurements® and
Raman spectroscopy measurements which will be discussed later, show FeCls molecules
surrounding stage-1 intercalated graphene sheets to electrically de-couple them from ad-
jacent layers. As a result, the electronic structure of fully intercalated FeCl3-FLG may
be considered as a parallel stack of highly-doped monolayers. Charge carrier densities
as high as nj, = 1 x 10%m ™2 and an extremely low sheet resistance, Ry, = RW/L, of
9€)/sq are achieved in in five-layer flakes compared to Ry, ~ 150€/sq in pristine equiva-
lents. This combination of low sheet resistance and high transmittance makes FeCl3-FLG
an appealing material for use as a transparent electrode in optoelectronic devices such
as LEDs and photovoltaic cells. This is demonstrated in Figure 18 where the sheet
resistance and transmittance of transparent conductive electrode materials are compared
for a variety material thickness. For an optimum thickness of 3-5 layers, stage-1 interca-
lated FeCls-FLG outperforms indium tin oxide (ITO) thin films, which are widely used
in commercial devices. Surprisingly, the hygroscopic nature of FeCls does not result in
instability of these films to humid environments®) and, as results in later Chapters will
show, the staging index is not significantly affected by exposure to organic solvents. The
remaining challenge to address before FeCls-FLG can be incorporated into practically
sized optoelectronic devices is to produce macroscopic films of this material rather than

microscopic flakes. We will address this matter in Chapter [
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Figure 3.1: Intercalation of few-layer graphene. a) Schematic of the two-zone
physical vapour transport method used to intercalate few-layer graphene with FeCls. b)
Sketched plots of the relative temperature of each furnace zone during an intercalation
cycle. c¢) Diagrams outlining the staging index nomenclature for graphite and few-layer

graphene intercalation compounds. ¢) is reproduced with permission. &
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Figure 3.2: FeCl3-FLG flakes as a transparent electrode. The transmittance
spectra of mechanically exfoliated a) intrinsic few-layer graphene flakes and b) FeCls-
intercalated few layer graphene flakes which are 1 — 5 layers thick. ¢) Comparative plot of
sheet resistance (Rs,) as a function of transmittance for various candidate materials which
could be used as transparent electrodes in optoelectronic devices. Grey region highlights
the range of Rs;(T'r) encompassed by all materials apart from FeClz-FLG. All figures are

reproduced with permission.®
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3.2 Growth of rubrene single crystals

We used a carrier gas-assisted physical vapour transport process®’ to grow structurally
pristine single crystals of rubrene for our experiments in Chapter [6 Figure shows a
schematic of the apparatus used for this process. A resistive heating element was wound
around an open-ended quartz tube such that the density of coils gradually reduced along
its length. Several smaller quartz tube sections were than placed inside the original tube
in order to easily extract crystals at the end of the process. A vial of rubrene powder
(Sigma Aldrich, 99.99% pure) was then placed in the region with the highest density of
coils before purging the tube with a constant flow of Ar gas for 15 minutes. Once purged,
a DC voltage was applied to the resistive coil such that the tube region containing rubrene
powder was heated to approximately 310°C. Upon reaching this temperature, the rubrene
powder sublimates and flows with the carrier gas down the temperature gradient sketched
in Figure [3.3a. For an appropriately shallow temperature gradient, single crystal crystals
of rubrene and residual impurities then condense at separate regions of the tube. After
three purification cycles whereby rubrene single crystals were returned to the vial position
and re-sublimated, highly pure needle and platelet shaped crystals could be synthesised.
A photograph of macroscopic platelet and needle crystals is shown in Figure [3.3b. We
selected far thinner (< 1um) crystals for use in Chapter [f] in order to enable successful
lamination onto graphene. These thin crystals are extremely delicate to handle. We
used a technique whereby the crystals electrostatically adhere to sharpened cocktail sticks
(Figure ) and could then be positioned on top of graphene films. All growth cycles

were performed in dark conditions.
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Figure 3.3: Physical vapour transport growth of rubrene single crystals. a)
Scematic diagram of the physical vapour transport process used to grow rubrene single
crystals and a sketched plot of the temperature gradient along the quartz tube. b) Pho-
tograph of macroscopic rubrene single crystals grown via physical vapour transport. c)
Photograph detailing the electrostatic adhesion procedure used to handle rubrene single

crystals. Photographs a) and b) are courtesy of Dr. Ana Neves.

3.3 Transfer of graphene films

In Chapter [0 monolayer films of CVD graphene were transferred onto p-doped Si sub-
strates with a 280nm-thick surface layer of SiO9 using a commonly employed wet transfer
technique®® which uses PMMA as a supportive layer. In this process, 100nm of PMMA is
spin coated on top of graphene and the underlying Cu foil is subsequently etched by float-
ing on an ammonium persulfate solution. After thorough rinsing with de-ionised water,
the remaining PMMA /graphene film is scooped onto a substrate and allowed to dry before
removal of the PMMA top layer with acetone. If large area (> 100um x 100um) continuous
graphene films are required, a common problem with this method is ineffective drainage of
water from the graphene-SiOq interface (shown schematically in Figure ) This arises
due to the beading of water trapped between two hydrophobic surfaces. These beads usu-
ally rupture and cause tears in monolayer graphene films during subsequent drying and
cleaning procedures (see Figure [3.4p). To mitigate this problem, we pre-treated SiO2/Si
substrates for 5 seconds in a 3:1 solution of de-ionised water:buffered hydrofluoric acid 52
This acts as a mild etchant of both organic surface residues and SiOs. The substrate
is thoroughly cleaned by this process and a sufficient density of silanol groups are intro-
duced to make the surface hydrophilic but not so many as to create a large concentration of
scattering centres which would critically impair the charge carrier mobility in subsequent

devices 0 The effect of this treatment is demonstrated in Figure [3.4k, where the contact
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Figure 3.4: A substrate treatment method for improved yields of CVD
graphene transferred onto SiOy/Si. a) Top-view and side-view schematics of water
beading underneath transferred graphene films and subsequent perforation during drying.
b) Micrograph image of a perforated graphene film. ¢) Contact angle of de-ionised water
on Si0y/Si as a function of exposure time to three different concentrations of buffered hy-
drofluoric acid. Inset: Photographs of de-ionised water droplets on substrates treated and
untreated by the 3:1 mixture. A d) schematic and e) micrograph image show graphene
transferred onto a substrate treated by 3:1 HoO:HF /NH4F for 5 seconds. Scale bars =
500pum.

angle of de-ionised water on an HF-exposed SiO2/Si substrate is significantly reduced in
comparison to substrates cleaned solely with acetone and isopropanol. By implementing
this process, we were able to improve the graphene substrate transfer procedure such that

large-area continuous films were attained with a sufficiently high yield (see Figure

and [3.4k).

3.4 Raman spectroscopy

Raman spectroscopy involves the study of in-elastically scattered light. As we have already
discussed, the absorption of a photon with energy hv involves the promotion of an electron
to an energy AFE = hv higher than its original state. The excited electron may then relax
to a lower electronic state some time later via the emission of a photon. This emitted light
is said to have been scattered.

The time-varying electric field, (£(x,y,z,t)) of an incident light wave can induce
a similarly time-varying polarisation (P(z,y,z,t)), or electric dipole moment, in the
molecule/lattice in which light is scattered. The time varying displacement, ¢(t), of lat-

tice ions/molecules will have a vibrational frequency vy, where m = (0,1,2,3,...) denotes
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harmonic levels of the vibration. The degree of polarisation depends on a constant of
proportionality known as the polarizability, o, .. This can be expressed in a matrix form

as

Py Opy Qgy Qg Es
Py Qyr  Qyy  Qyz y (3.1)
P. Qzy Ozy Oy &,

where the 3x3 matrix on the right hand side of Equation is the polarizability ten-
or 21 Hence the polarisation of incident light can affect which terms in the polarizability
tensor are probed. The vast majority of scattered photons (~ 99.999%) will undergo elas-
tic Rayleigh interactions whereby the emitted photon has the same frequency as incident
light. However, if the polarizability of the scattering medium varies with displacement
((0a/0q), # 0), the vibrational mode is Raman-active and energy may be exchanged
with the excited electron via inelastic Stokes and anti-Stokes processes. Illustrations of
Rayleigh, Stokes and anti-Stokes processes are shown in Figure [3.5] For resonant Raman
processes, the energy of incident photons correlates with a real excited electronic state.
The absence of a band gap in graphene implies that all photon wavelengths can induce
resonant Raman processes. The wavenumber of in-elastically scattered light will differ

from the wavenumber of the incident photon by

1 1

swo=(3-+) (32)
where X and )¢ are incident and scattered photon wavelengths respectively. This
difference in wavenumber, known as the ‘Raman shift’, will vary according to the frequency
of the phonon mode which light has coupled to. Hence, if a sample is illuminated with
monochromatic light and an appropriate notch filter is used to absorb signals from Rayleigh
processes, inelastically-scattered light can be analysed with a spectrometer and will reveal

information regarding the vibrational modes and structure of the sample.

In Figures [3.5p-d, sketched band diagrams illustrate the Stokes processes which are
relevant to the Raman spectrum of monolayer graphene (shown in Figure ) The G
peak centred around Aw ~ 1585¢m~! in Figure corresponds to the transition shown
in Figure and is activated by the Es, vibrational mode shown in Figure 3.5f. The
intensity of the G peak increases with the number of graphene layers?? and its position

%3 or charge carrier concentration?£9 The D peak,

can be altered by changes in strain
positioned around Aw ~ 1350cm ™!, is a two phonon scattering process (Figure )

which involves the ’breathing mode’ vibration sketched in Figure This mode is

only Raman active in proximity to a lattice defect such as a missing carbon atom. As a
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Figure 3.5: Raman spectroscopy of monolayer graphene. a). Illustration of nor-
mal and resonant Rayleigh (R), Stokes (S) and anti-Stokes (A) scattering processes in a
diatomic molecule. Band diagrams of the inelastic scattering processes in graphene which
correlate to the b) G, ¢) D and d) 2D Raman peaks. Green dashed arrows indicate
scattering with a phonon. e) Raman spectrum of disordered monolayer graphene. Dia-
grams of the graphene lattice vibrations corresponding to the f) Ess phonon mode and

b) breathing modes in proximity to a lattice defect.

result, the intensity of the D peak provides a metric for the level of structural disorder
in graphene samples® The 2D peak, positioned at Aw ~ 2680cm ! is a second order
process of the D peak, meaning that an electron is scattered with two phonons of equal
and opposite momentum such that no defect-related breathing mode is required for its
activation. The main feature of the 2D peak is that it becomes degenerate, splitting
into multiple overlapping Lorentzian peaks in few-layer graphene samples. Hence, the 2D
peak is most useful as an indicator of the number of layers within a few-layer graphene

sample 27

Overall, careful analysis of the G, D and 2D Raman peaks provides a quick
and non-invasive method of assessing the doping, structural disorder and layer number of
graphene samples. As a result, we employ this method throughout Chapters of this
thesis. As an attempt to keep our discussions of Raman spectra concise, we will refer
to the position, full-width half maximum and area of a Raman peak (the G peak in this
example) as Pos(G), FWHM(G) and A(G).

As a final note on Raman spectroscopy, we will briefly review the effects of FeCls
intercalation on the Raman spectrum of few-layer graphene. Figure shows a plot that
has been reproduced from the work of Lazzeri et. al.?* in which they developed a theoret-
ical model to describe the shift in Pos(G) as a function of charge carrier concentration in

monolayer graphene. Crucially, it was found that the experimentally-measured change in

frequency of the Ea, phonon mode during gate voltage sweeps of graphene FETs% cannot
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be described whilst assuming that electrons fully equilibrate around vibrating lattice ions
(i.e. the Born-Oppenheimer approximation is invalid).”® Instead, the solid line in Figure
represents a theoretical model which accounts for dynamic changes in the screening
of lattice ions by charge carriers at low levels of doping in monolayer graphene. Typically,
it would not be valid to directly apply this model to the case of few-layer graphene. The 7
and 7* bands of adjacent layers overlap significantly in few-layer graphene so the hopping
of electrons between lattice ions on neighbouring layers must be considered when solving
the Schrodinger equation. The resultant energy band structure of few-layer graphene is
quite different from the case of monolayer graphene, with a complex mixture of overlap-
ping parabolic and linear sub-bands at K rather than the simple linear band structure
shown in Figure [2.2b#5 As a result, the theoretical calculations of Lazzeri et. al®™ which
assume the density of states of monolayer graphene (Equation will not accurately de-
scribe electron-phonon interactions in few-layer samples. An important exception to this
argument is shown in Figures and [3.6, which plot the Raman spectra of pristine and
FeCls-intercalated few-layer graphene respectively. Following intercalation, the degener-
ate 2D peaks shown in Figure change to form a symmetric profie which can be fit
well with a single Lorentzian distribution. In contrast, the position of the G band is found
blue-shift to higher wavenumbers, between 1600cm ™! and 1625¢m ™!, and splits into two
distinct peaks. These peaks, denoted G1 and G2, are representative of stage-2 and stage-1
intercalation respectively !> Combined with the fact that electron diffraction patterns
show the interlayer spacing of graphene layers to triple following FeCls-intercalation 0V
the Raman spectra shown in Figure indicate that graphene layers in FeCls-FLG
are electrically de-coupled from one another and can be considered as a stack of paral-
lel, highly-doped monolayers 1822 The position of each split G peak in Figure may
therefore be numerically evaluated using the dynamic model in Figure to correlate
betweeen Pos(G) and the carrier concentration within a single constituent graphene layer
of the FeCl3-FLG flake. We utilise this method in Chapters |4 and [5] of this thesis, where
peaks denoted Gy, G1 and G5 denote a graphene layer with 0, 1 and 2 adjacent layers of
FeCls respectively. In terms of the staging nomenclature defined in Figure 3.Ip, G; and

G5 peaks correspond to stage-2 and stage-1 intercalation of a graphene layer respectively.
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Figure 3.6: Raman spectroscopy of doped graphene. a) Theoretical shift in posi-
tion of the G band of graphene as a function of electron concentration. Negative values on
the x-axis denote values of hole concentration. Dashed lines assume the Born-Oppenheimer
approximation of an equilibrium distribution of electrons about the lattice ions with (open
circles) and without (filled circles) changing lattice constants. Solid line assumes a chang-
ing lattice constant and non-equilibrium distribution of electrons. b) Stacked Raman
spectra of few layer graphene. The degeneracy of the 2D peak increases with the number
of graphene layers. c) Stacked Raman spectra of FeCls-intercalated few-layer graphene.

a) 24 bY¥ and ¢)!¥ are reproduced with permission.
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GRAPHENE ELECTRODES

i

!Some of the findings presented in this chapter have been published in the following articles:
Large-area functionalized CVD graphene for work function matched transparent electrodes, T. H.
Bointon, G. F. Jones, A. de Sanctis, R. Hill-Pearce, M. F. Craciun and S. Russo, Scientific Re-
ports 5, 16464 (2015).

Homogeneously Bright, Flexible, and Foldable Lighting Devices with Functionalized Graphene Elec-
trodes, E. Torres Alonso, G. Karkera, G. F. Jones, M. F. Craciun, and S. Russo, ACS Applied

Materials & Interfaces, 8, 16541-16545 (2016).
2Dr. Liping Lu recorded the PLED efficiency measurements presented in this chapter. Pictures

of ACEL devices presented in this chapter were taken by Elias Torres Alonso. Matthew D. Barnes
assisted with the etching and transfer of large-area FeCl3-FLG films . Gareth F. Jones made
significant contributions to all aspects of this project including (but not limited to) device fab-
rication, design/construction of apparatus, electronic transport and spectroscopy measurements,

analysis/interpretation of all data and the writing of all associated manuscripts.
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4.1. INTRODUCTION

4.1 Introduction

As discussed in Section[3.1.2] the sheet resistance and optical transparency of mechanically
exfoliated flakes of few-layer graphene intercalated with FeCls (FeCl3-FLG) is comparable
to that of indium tin oxide (ITO), a material used as a transparent electrode in many
optoelectronic devices. Naturally, the next logical step for research efforts is to test the
performance of devices, such as LEDs and solar cells, in which ITO is replaced with FeCls-
FLG as the transparent electrode. Flexible optoelectronic devices are particularly relevant
for such studies because ITO is a highly brittle material” and it has a high energy cost

LI However, the mechanical exfoliation

of production in comparison to organic polymers.
of few-layer graphene flakes with scotch tape is not an industrially scalable method for
producing large-area, transparent graphene electrodes. To this end, in this chapter we
develop a method of up-scaling the production of FeCls-FLG to macroscopic, continuous
films and embed them, for the first time, into light-emitting devices. We use the non-
invasive method of Raman spectroscopy as a fast and simple way to assess the quality of
FeCls-intercalation in these films and identify inhomogeneous grain density as a cause of
spatial variations in sheet resistance and optical transmittance in the visible range. Over-
all, we are able to produce large-area, transparent electrodes with sheet resistance and
transmittance to visible light of Ry, = 100§2/sq and T'r = 70% respectively and demon-

strate their functionality in AC electroluminescent devices and polymer light-emitting

diodes.

4.2 Experimental Details

Device fabrication

As a starting material, we used CVD few-layer graphene grown on nickel. This was pur-
chased from a commercial supplier (Graphene Supermarket) and was grown via the disso-
lution, segregation and precipitation of carbon from methane gas in a sputtered thin film
of Nickel ## Thin films sputtered onto 4-inch diameter SiO/Si wafers were used instead of
thicker free-standing foils in order to avoid excess dissolution of carbon into Ni, which is
highly carbon soluble. This promoted the growth of few-layer graphene films rather than
bulk graphite. Figure details the layered structure of these wafers. Before intercala-
tion with FeCls, the few-layer graphene film was removed from the underlying substrate
and transferred onto glass, quartz, or SiO5/Si. For small samples (< 1lem?) this process
is trivial and can be completed by the FeCls etching and scoop-transfer process discussed

in Sectionf3.3] For samples as large as the 6cmx6cm scribed wafer shown in Figure [.Ib
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however, this procedure is far more delicate and a freely floating PMMA /graphene film
is extremely likely to rupture under the weight of the substrate halfway through etching.
The transfer of PMMA /graphene films onto substrates by hand also becomes un-feasible,
with tears and cracks inevitably occurring due to physical stress of the film during lamina-
tion. To overcome these problems, we built a system to automate the etching and transfer
of graphene, shown in Figure [f.It. This process eliminated the need to to physically
disturb large-area PMMA /graphene films during etching and transfer. In this system,
the as-grown few-layer graphene film sits in a large basin on a sloped wedge and is kept
centred by a surrounding polypropylene frame (shown in Figure ) The basin is filled
with 1 molar FeCls in de-ionised water using peristaltic pumps at a rate calibrated to etch
the underlying nickel whilst not stressing or cracking the PMMA /few-layer graphene film.
The floating PMMA /graphene film is then held in place by the polypropylene frame whilst
de-ionised water is pumped into the basin, diluting the FeCls, and overflowing out to an
external reservoir. Once sufficiently cleaned, the SiOy/Si wafer used for CVD growth is
replaced with a new substrate on the wedge underneath PMMA /graphene and de-ionised
water is pumped out allowing graphene to be steadily re-laminated without cracks, folds
or bubbles forming. Figures [4.1p-i show snapshots taken from a time-lapse video of this

process.

After drying the transferred samples at 60°C' and removing the PMMA support layer
with acetone and IPA, large-area few-layer graphene samples were intercalated with FeCls
using the procedure outlined in Section with an initial two hour bake-out phase at
100°C (Figure The intended purpose of this additional step was to de-hydrate the
FeCls powder and remove residual water vapour away from the central furnace zones,
which otherwise causes an increase in pressure up to 10~ 'mbar within the first minute
after sealing the vacuum pump line (see Figure [4.1k). Based on observations of samples
produced over many intercalation cycles, we found that the removal of moisture also limits
condensation of FeCls residues on the surface of graphene, which can otherwise only be
partially removed with organic solvents (Figures —m). A photograph of a typical FeCls-
FLG film on glass is shown in Figure with the right edge of the substrate exposed
for comparison. Upon careful examination, randomly distributed ‘holes’ with diameters
ranging between 50um and 500um are found across the film. Micrograph images of similar
films transferred onto SiO2/Si (Figure 4.1p) show that these ‘holes’ are, in fact, continuous
regions of few-layer graphene where an alternate rate of carbon precipitation from nickel
has produced a comparatively low grain density consisting of dispersed islands connected
by a continuous bilayer film. Each island is approximately 10um-wide and consists of more

than 10 graphene layers (Figure ) On the other hand, the visibly darker surrounding
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Figure 4.1: Fabrication of large area FeCls-intercalted few-layer graphene
films. a) Schematic of the layer structure of CVD graphene grown on sputtered Ni
films. b) Photograph of a scribed CVD graphene wafer with a PMMA surface layer be-
fore undergoing the etching and transfer procedure detailed in c¢)-d) schematics and e)-i)
time-lapse photos. j) Plot of the transient temperature in each furnace zone (inset) during
a modified version of the FeCls intercalation process. k) The increase in pressure over time
after sealing tubes of various diameter prior to a bake-out. Micrograph images show FeCls
surface residues 1) before and m after cleaning with IPA. n) Photograph of a FeCl3-FLG
film on glass. Scale bar: lcm. Micrograph images of FeCls-FLG on SiO3/Si show o) the
variation in grain density across a film (scale bar: 500um) and magnified pictures of p)

low and q) high density regions (scale bars: 50um).
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regions of the film are comprised of a higher density of few-layer (< 9 layer) islands (Figure
). On average, these islands are approximately 4um-wide and are distributed across
the same bilayer film. All layer numbers are approximate and based upon optical contrast

measurements 4’

Methods

All Raman spectra, apart from Figures and were excited with a 514nm wave-
length laser focused to a diffraction-limited spot diameter of 320nm and incident power
of 4mW . The other spectra were recorded using a 532nm wavelength laser under similar
conditions. Black pixels in the Raman maps of Figures and [£.4] represent masked
positions, where the total area of all fitted peaks fell below 5% of the maximum recorded
value. This was a threshold imposed in our analysis designed to avoid the spurious fitting
of peaks to background noise. For the transmittance map in Figure 4.2f, emission from
an incandescent bulb was focused by a condenser lens (NA = 0.3) through our sample
and collected by a 50x microscope objective (NA = 0.8). Four-terminal sheet resistance
measurements were recorded in AC using a lock-in amplifier in constant rms current con-
figuration. The ACEL devices in Figures [{.5h-d were fabricated by either spin coating
or screen printing successive layers of ZnS:Cu (30pum), BaTiOg (25um) and Ag paste
(> 20pum) onto FeCls-FLG on glass/PET and drying on a hot plate at 130°C' after each
step. Electroluminescence was imaged under an applied AC voltage of V4o < 180V at
681H z. Transfer of FeCl3-FLG films from SiO2/Si substrates into onto PET was achieved

using thermal release tape (Graphene Supermarket) as a supportive layer 102

4.3 Results

4.3.1 Characterising FeCl;-FLG electrodes

Given the significant variation in grain density and layer number across macroscopic CVD
films of FeCls-FLG, we considered it important to establish whether any similar spa-
tial variation in intercalation staging was also present. Direct electrical measurements of
the Hall voltage across a multitude of individual FeCl3-FLG grains would be a cumber-
some approach to establish the degree of p-doping and charge carrier concentration across
these films. Therefore, we adopted Raman spectroscopy, which is a fast and non-invasive
method. In Figure [f.2h, we plot Raman spectra that were recorded at four separate
positions across a 100um x 100pum area of FeClz-FLG on SiO2/Si. These spectra are

representative of the maximum variation in intercalation staging observed across these
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CVD-grown films. Focusing on the G-band region in each case, we fit three Lorentzian
peaks to each Raman spectra, representing the GGo, G1 and G modes introduced in Sec-
tion From this, it follows that the relative area of each of these peaks is indicative of
the proportion of non-intercalated, stage-2 intercalated and stage-1 intercalated graphene
layers at each location respectively. In practice, individual comparison of the area and
position of all three peaks at every scanned location of a mapped area becomes difficult to
interpret. Instead, we considered the area-weighted average G peak position, (Pos(G)),
as a single term which empirically describes the general degree of intercalation for all
graphene layers at each measured location.

. POS(GO)A(GO)/2 + POS(Gl)A(Gl) + POS(Gl)A<G0)
N A(Gp)/2 + A(G1) + A(G2)

(Pos(G)) (4.1)

In Equation , the weighting of A(G() has been skewed to compensate for a narrowing
of the G-band by a factor of two when its position is blue-shifted past ~ 1587cm ! 2%P8
This is due to the Pauli exclusion principle blocking the main mechanism of linewidth
broadening for the Es;, phonon mode, decay into an electron-hole pair, when the Fermi
level of graphene is shifted away from the charge neutrality point. We also considered the
approximately four-fold enhancement in I(G) reported from measurements of graphene
at high levels of charge carrier concentration using ionic polymer gating!’3 This effect
also arises from the Pauli exclusion principle, where non-resonant Raman pathways are
screened out when the Fermi level is lowered enough to approach the ground state of
resonant Raman transitions. The onset of this effect is dependent upon the excitation
wavelength used and, in our case, should have a negligible effect across the wavenumber
range of the G, G and Gy peaks. In Figure[d.2h, inset values of (Pos(G)) were calculated
from each representative Raman spectra and serve as references when interpreting scanning
maps which we will now discuss. Figure shows a micrograph image of a 225um? region
of FeCl3-FLG with a high density of grains. Using interval steps of just 500nm, we traced
a rasterised scan across this entire region and analysed the Raman spectra recorded at
each point using Equation . A high-resolution map of (Pos(G)) over this area is
shown in Figure [£.2k. Colour bar scales are consistent across all (Pos(G)) maps in this
chapter, with the orange/purple/blue ranges indicative of Raman spectra dominated by
the Go/G1/G2 peak respectively. Comparing Figures and , regions that display
significant stage-2 intercalation loosely correlate with the positions of the thickest few-
layer graphene grains. Intuitively this makes sense, given that intercalation is initiated
by diffusion of FeCls vapour in from the edge planes of graphene stacks®? It is therefore
reasonable to expect that thicker grains, with a larger fraction of layer edges exposed

above the base bilayer, will undergo a higher degree of intercalation.
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Figure 4.2: Carrier concentration and transmittance of large-area FeCl;-FLG
films. a) Stacked Raman spectra representative of varying degrees of FeCls intercalation
present across a CVD few-layer graphene film. The area-weighted average G peak position
is provided for each case. b) Micrograph image and c) high resolution Raman map of a
15um x 15um region of FeCls-FLG on glass. d) Histograms showing repeat measurements
of the area-weighted average G peak position across a 100um x 100pum FeCls-FLG region
after each stage of two successive 12-hour intercalation cycles and subsequent immersion
in isopropanol. Inset: Compiled values of the mean and standard deviation for each
distribution. e) Micrograph image of a 50um x 50um region of FeCls on glass, across
which scanning maps of f) transmittance (A = 550nm) and g) estimates of the average

hole concentration per graphene layer were recorded.
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In order to ascertain whether a longer period of exposure to FeCls vapour or exposure
to organic solvents affects the staging of intercalation across these large-area films, we
recorded Raman maps over a 100um x 100um area of another FeCls-FLG sample after
four successive fabrication steps: lamination onto a glass substrate; a 12 hour intercalation
cycle; a second 12 hour intercalation cycle; and immersion in isopropyl alcohol (60°C' for
30 seconds). The results from each stage of this process are compiled in a histogram in
Figure [4.2/d, where the value of (Pos(G)) measured at each map position is binned into
lem ™! intervals. Minor variations in doping, likely due to surface adsorption of moisture,
create a narrow distribution centred at 1581cm ™' before intercalation. In contrast, the
distribution after 12 hours exposure to FeCls vapour shows a far wider variation in doping
and up-shifts to a mean value of ~ 1594cm~1. With the (Pos(G)) distribution largely
unchanged after an additional 12 hour intercalation cycle, we find no evidence to suggest
that slow kinetic processes of FeCls vapour are limiting the degree of doping induced in our
samples. Further systematic alterations to variables such as zone temperature and vapour
pressure could produce stage-1 intercalation of the kind shown in the bottom plot of Figure
2k, and would need further investigation. Finally, the absence of de-intercalation after
treatment with IPA provides preliminary evidence that, once fabricated, CVD FeCl3-FLG

films are found to be as environmentally stable as mechanically exfoliated flakes.

As a next step in characterising large area CVD FeCls-FLG films, we assessed the elec-
tronic and optical properties of different grains. Figure[£.2p shows a micrograph image of a
high grain density region laminated on glass, over which we have recorded complimentary
scanning measurements of transmittance (A = 550nm) and charge carrier concentration.
The transmittance map shown in Figure reveals a mean of Tr = (70 + 2)% over
the entire area, with dips/peaks of Tr ~ 50%/94% across the thickest/thinnest grains
respectively. The map shown in Figure [{.2g shows the estimated average charge car-
rier concentration per graphene layer. This was established by numerically evaluating
measured values of (Pos(G)) across the mapped region with the non-adiabatic model of
phonon mode stiffening, shown in Figure of Section [3.4] which accurately relates
the Eoy; mode wavenumber to the charge carrier concentration in a single graphene layer.
The adjusted colour bar scale in Figure reflects the non-linear relation between Ra-
man shift and charge carrier concentration. Whilst the thickest grains are indeed the most
strongly doped, (nj,) ~ 2.8 x10*¥cm ™2, the few-layer grains which cover the majority of the
FeCl3-FLG film also exhibit extremely high charge carrier concentrations of approximately
2 x 103em ™2 per layer. As a result, we estimate the mean charge carrier concentration
over the entire high grain density region of FeCl3-FLG to be (1.8 & 0.2) x 103cm =2 per

layer.
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Figure 4.3: The influence of grain density on sheet resistance in FeCl;-FLG
films. a) Micrograph image of a Hall bar consisting of pristine few-layer graphene. Values
of four terminal sheet resistance are listed between the voltage probes where they were
measured. b) Histograms of the area-weighted average G peak position taken from c) a
Raman map of the entire device are plotted for region enclosed between a pair of voltage
probes (dashed lines). d)-f) Figures equivalent to a)-c) for an Hall bar intercalated with
FeCl;s for 12 hours.
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Having established the transparency and charge carrier concentration of/within mi-
croscopic grain regions of CVD FeCl3-FLG films, we investigated whether macroscopic
variations in grain density, imaged in Figures [{.In-q, influence the sheet resistance of re-
sulting electrodes. To do this, we fabricated multiple Hall bars of CVD few-layer graphene
laminated onto SiO2/Si with channels defined using optical lithography and Oy plasma
etching. 5nm/50nm of Cr/Au was thermally evaporated onto selected regions of the etched
film to serve as voltage probes and source/drain electrodes. A micrograph image of such
a device is shown in Figure [£.3h. The four terminal resistance of each 300um x 150um
channel segment was measured in ambient conditions. Calculated values of sheet resis-
tance are provided below each channel segment. Examining the micrograph, we can see
that the highest sheet resistance, about 1.20k2/sq, corresponds to the channel segment
which probes a region of low grain density. Successively lower sheet resistance was mea-
sured across channels containing less of these sparse regions, with a minimum of about
73082/ sq recorded in the centre-right segment made entirely of few-layer graphene with a
high grain density. This difference can be explained by the presence of continuous perco-
lation pathways for the electrical current through the more conductive few-layer grains.
Histograms of (Pos(G)) in each segment (Figure [1.3p) and a Raman map of the entire
Hall bar (Figure ) show almost no variation in doping before intercalation, supporting
our claim that variations in Ry, are due to differences in grain density and average layer

number.

Figure shows the micrograph image of an equivalent few-layer CVD graphene
device that has undergone 12 hours of FeCls intercalation. Similar to the pristine sample,
variations in sheet resistance are apparent across the Hall bar channel with a maximum,
R, ~ 635€/sq, measured across the rightmost section where the grain density is low.
However, significant macroscopic variations in doping are present after intercalation with
FeCls. Evidence of this can be seen from the inconsistent (Pos(G)) distributions in Figure
and non-uniform (Pos(G)) map in Figure[4.3f. Areas with poor doping levels directly
correlate with the more resistive regions of low grain density, suggesting that FeCls vapour
does not effectively diffuse between the base bilayer graphene sheets. In contrast, an
intercalated Hall bar consisting entirely of a few-layer graphene film with high grain density
(Figures [4.4h-c) exhibited consistently low sheet resistance of Ry &~ 10082/sq across all
measured segments. Compared to the pristine few-layer graphene film in Figure [4.3d, this
represents a seven-fold improvement in R, across high grain density regions once stage-2
intercalation is achieved. The results of all electrical measurements conducted across few-
layer graphene Hall bars are compiled in Figure [4.4d, where sheet resistance is plotted as

a function of (Pos(G)), which appears to serve as an effective empirical gauge of sheet
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Figure 4.4: The influence of grain density on sheet resistance in FeCl;-FLG
films (continued). a) Micrograph image of a CVD few-layer graphene Hall bar with high
grain density. Black dashes separate channel segments over which the four-terminal sheet
resistance was measured (listed below). b) Statistical distribution of (Pos(G)) over each
of the four segments. Values were obatined from c) a scanning Raman of the entire sam-
ple. d) Plot compiling data from all complimentary resistivity and Raman spectroscopy
measurements conducted on FeCL3-FLG films at various stages of intercalation. Legend:

Qualitative labels of the grain density within each channel segment.
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resistance by means of a non-invasive measurement. The black dashed line, included for
reference, represents the record-low sheet resistance reported for a predominantly stage-1

18 Clearly, there is a disparity in the intercalation

intercalated five layer graphene flake.
staging that we are currently able to achieve in large-area FeCls-FLG films compared to
the mechanically exfoliated flakes which have been investigated previously by our research
group.® This results in a typically higher sheet resistance, Ry, ~ 100§2/sq compared to
Rs =~ 99 /sq, when up-scaling production of this material for practical device applications.
We have focused on the reproducible average transmittance and sheet resistance values
of CVD FeCl3-FLG in this chapter, but we also note that outlier samples have been
fabricated that exhibit considerably improved metrics of Ry, ~ 20.5Q/sq and Tr ~ 77%
at 550nm 1% A more refined control of parameters such as atmospheric humidity needs to
be investigated to attain a uniform stage 1 intercalation. Nevertheless, the fact that higher
stages of intercalation have been achieved sporadically gives reason for us to persevere in
the development of this material as transparent electrode in optoelectronic devices.
Although processes related to the fabrication of CVD FeCls-FLG electrodes can still
be improved, the work undertaken in this chapter presents the first ever example of suc-
cessful up-scaling of intercalated few-layer graphene to a size which can be utilised as a
transparent electrode in technologically-relevant proof-of-concept samples for electronic in-
dustries. Furthermore, values of Ry, &~ (100 — 25)Q2/sq and Tr(\ = 550nm) ~ (70 — 77)%
are certainly adequate for this novel material to be implemented into proof-of-concept

optoelectronic devices.

4.3.2 FeCl;-FLG electrodes in light-emitting devices

The first examples of such devices are demonstrated in Figure where we have sub-
stituted the conventional indium tin oxide electrodes in alternating current electrolumi-
nescent (ACEL) devicest™ and inverted structure polymer light emitting diodes (PLEDs)
with CVD FeCls-FLG on either glass or PET substrates. Figure illustrates the lay-
ered structure of an ACEL device, in which particles of zinc sulphide doped with metal
ions are suspended in a dielectric resin to form the active layer, see Figure [4.5b. A high-k
dielectric of BaTiOg (Dupont Luxprint 8153, €pqrios =~ 35) serves as a buffer layer to
prevent short circuits between a back electrode of Ag paste and the transparent FeCls-
FLG front electrode. A band diagram of the operating mechanism within the phosphor
particles is shown in Figure .105 Under sufficiently large applied electric fields, elec-
trons occupying shallow interface trap states tunnel into the conduction band of ZnS and
continue to accelerate under the potential gradient. Impact excitation then occurs when

these charge carriers scatter at luminescent centres localised within the bandgap. Energy
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Figure 4.5: Light emitting devices with FeCls-FLG electrodes. a). Schematic
layer structure and circuit diagram of an alternating current electroluminescent (ACEL)
device. Exploded layer structure is for visualisation purposes only. b) Schematic of the
active layer in an ACEL device, where doped ZnS phosphor particles are suspended in a
binding resin. ¢) Band diagram of the impact excitation process at luminescent centres in
ZnS:Cu under high electric fields. d) Time lapse photographs of an ACEL device on a PET
substrate under extreme bending stress whilst maintaining full operation. e) Schematic
inverted layer structure of a polymer light-emitting diode (PLED) with a FeCls-FLG or
ITO cathode. Chemical structures of the polymer layers, FSBT and PEIE, are provided
as insets. f) Comparative plot of the luminance efficiency of PLED pixels with FeCls-
FLG (green) or ITO (orange) cathodes. Inset: Photograph of a PLED with FeClz-FLG

electrode with a DC voltage applied across one of eight pixels.
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is imparted to the luminescent centre which promotes a trapped electron to an excited
state before recombining radiatively. These devices function entirely as capacitive struc-
tures, with no charge carriers injected from the electrodes. Their main applications are
for large area display panels used for ambient back-lighting and advertising boards. 1%
Therefore, the main requirements of a top electrode material in ACEL panels are that
it be transparent enough to allow efficient light emission, low sheet resistance such that
a consistent voltage is applied over large surface areas and highly flexible so as not to
limit the functionality of an otherwise pliable device structure. Even with sub-optimal
intercalation staging, FeCls-FLG electrodes meet all of these requirements, with the re-
sultant ACEL devices producing uniform brightness across panels with aspect ratios as
extreme as 39:1. Moreover, these panels exhibit extreme flexibility almost to the point
of complete folding, as shown in Figure 4.5d. The second device that we have trialled
with intercalated graphene electrodes is an inverted structure PLED in which FeCls-FLG
functions as a transparent cathode, as shown in the layer diagram in Figure [4.5p. An
in-depth discussion of the motivation behind selection of each constituent material in this
PLED structure goes beyond the scope of this thesis. However, we simply point out that
the large-area FeCls-FLG electrode again serves as an effective replacement for sputtered
ITO films, showing an improvement in luminance efficiency over an applied voltage range

of (4 — 15)V for the small preliminary sample of pixels measured in Figure .

Future research directions

Based upon the findings of this chapter, we conclude that it would be necessary to sys-
tematically identify the variables which influence FeClg vapour kinetics in order to attain
uniform intercalation of few-layer CVD graphene. Although it is certainly possible that
films as thin as just two atomic layers will behave radically differently to bulk materials, we
can offer some initial suggestions from the well-established field of graphite intercalation
compounds 2> A higher energy input is required to initially separate adjacent layers
in bulk graphite than the energy required to facilitate subsequent diffusion of intercalant
vapour throughout the Basal plane. It therefore could be worthwhile to investigate the ef-
fect of increasing the temperature of the zone in which few-layer graphene films are housed
during the initial stage of intercalation. Additionally, the presence of excess chlorine gas
was found to lower the threshold vapour pressure at which FeCls saturates between all
layers of bulk graphite. The use of compressed Cly gas cylinders is undesirable but it may
be possible to manipulate the equilibrium concentration of Cly in FeCls vapour by adjust-
ing environmental parameters. If none of these efforts prove successful, FeCls-FLG films

could be applied in LED devices where they are in contact with a charge transport layer
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such as MoO3 which has been shown to p-dope monolayer graphene films 1% This could
potentially solve the challenge of inducing sufficiently high charge carrier concentrations
in the base bilayer film of regions with low grain density. Secondly, efforts to optimise the
growth of CVD graphene on nickel would be highly useful, given the influence of grain

density on the sheet resistance across these electrodes.

4.4 Conclusions

In conclusion, we have developed the first method of up-scaling FeCls-intercalated few-
layer graphene from micron-scale flakes to macroscopic continuous films which can be
utilised as transparent electrodes in optoelectronic devices. Through the method of scan-
ning Raman spectroscopy, we have established that stage-2 (i.e. complete) intercalation
can consistently be achieved in few layer graphene grains with more than two layers which
are formed during the precipitation phase of CVD growth. However, neither stage-1 (one
FeCls layer adjacent to graphene) nor stage-2 intercalation could be achieved within the
continuous films of bilayer graphene which interconnect these thicker grain regions. This
was found to produce spatial variations in sheet resistance across large-area FeCls-FLG
electrodes ranging from R, = 635(2/sq in regions with low grain density to Ry, = 95§2/sq
in regions of high grain density. Nevertheless, this study provides valuable information as
to what challenges remain in optimising the electrical and optical properties of large-area
FeCl3-FLG films. It also signifies the first successful attempts to incorporate FeCls-FLG

electrodes into light-emitting devices.
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LASER WRITTEN INTERCALATED GRAPHENE

PHOTODETECTORS

i

!The findings presented in this chapter have been published in the follwing article: Extraordinary
linear dynamic range in laser-defined functionalized graphene photodetectors, A. de Sanctis, G. F.
Jones, D. J. Wehenkel, F. Bezares, F. H. L. Koppens, M. F. Craciun and S. Russo, Science

Advances, 3, €1602617.
2Photocurrent and Raman spectroscopy measurements of FeCls-FLG presented in this chap-

ter were recorded by Dr Adolfo de Sanctis. Gareth F. Jones made significant contributions to
all aspects of this research project including (but not limited to) device fabrication, preliminary
photocurrent/Raman spectroscopy measurements, analysis/interpretation of data and the writing

of associated manuscripts.
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CHAPTER 5. LASER WRITTEN INTERCALATED GRAPHENE
PHOTODETECTORS

5.1 Introduction

In Section of Chapter [2] we reviewed the range of ways by which photocurrent can
be generated at planar junctions in graphene. These junctions are defined by changes

231|26460

in the local density of states, created by either electrostatic gating, chemical dop-

2002764 o1 variations in layer number ) Graphene photodetectors containing such

ing
junctions almost always respond to light in a manner that is dominated by hot charge
carrier dynamics and photo-thermoelectric effects. Prolonged hot carrier lifetimes are
potentially useful for the purpose of solar energy harvesting but they also create a
sub-linear proportionality between photocurrent and optical power.#® This is undesirable
in applications such as radiometry. Building from the conclusions of the previous chap-
ter, we report here that FeCls-FLG can also be used for the purposes of light detection.
Photo-responsive p-p’ junctions are selectively written into FeCls-FLG using the simple
method of scanning optical lithography. From theoretical estimations, we conclude that
strong p-doping from FeCls accelerates the cooling of hot carriers at lateral graphene junc-
tions. This minimises the contribution of thermoelectric currents in short circuit read-out
signals, thereby leaving photovoltaic effects as the dominant source of photocurrent. Hot
carriers which remain are maintained at temperatures close to that of the lattice, pre-
venting the onset of a sub-linear photo-response even at powers as high as 10MWem™2.
Overall, this results in photo-responsive graphene junctions with a linear dynamic range
of 44dB, approximately 2-3 orders of magnitude larger than similar structures in pristine

monolayer graphene ™ These results present a new method by which the charge carrier

dynamics in graphene can be reliably tailored for use in photodetector devices.

5.2 Experimental Details

5.2.1 Laser-assisted de-intercalation of FeCl;-FLG

The starting material for the photodetector devices discussed in this chapter was an iso-
lated flake of few-layer graphene on an SiOg/Si substrate with a 280nm-thick gate dielec-
tric. Flakes were deposited by means of the mechanical exfoliation method (i.e. cleaved
using scotch tape)® For this experiment, we opted not to use CVD-grown films because
the research presented in Chapter 4 has shown that a higher degree of FeCls intercalation
can currently be achieved uniformly across mechanically exfoliated flakes.'® Figure
shows the Raman spectrum of one such flake, which we identified as four-layer graphene
from the degenerate nature of the 2D peak”? and optical contrast measurements under

white light*” (shown as an inset). Once graphene flakes of a suitable layer number and
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size for our experiment had been identified, we intercalated these samples with FeCls
following the physical vapour transport method outlined in Section After interca-
lation, source and drain contacts of 5nm/50nm Cr/Au were thermally evaporated onto
selective regions of each flake using standard electron beam lithography methods followed
by lift-off in acetone. A Raman spectrum focussing on the G band of the same four-layer
flake was acquired before de-intercalation and is presented in Figure [5.1b. The spectrum
shows all three split modes Go, G1 and Go centred around ~ 1589cm ™!, ~ 1615¢m ™! and
~ 1625¢m ™! are present after intercalation and electrode fabrication. As stated in Section
of Chapter (3] these peaks represent FeCls-intercalation staging orders of > 2, 2 and
1 respectively. Focusing on the 1345cm™! > Aw > 1355¢m ™! range of the spectrum, we
see that no D peak is present. This signifies that the degree of disorder is low within
this sample. From the relative intensity of the three G peaks, we made the following
conclusions about the molecular stacking within this flake: Firstly, the presence of all
three Gg, G1 and G4 peaks implies that staging orders of 1, 2, and > 2 each apply to at
least one of the four graphene layers. Secondly, the dominant intensity of the G peak
signifies that two of the four layers are stage-2 intercalated. Thirdly, the weak intensity
of the Gg peak suggests that the graphene layer with a staging order > 2 is not on the
top surface of the flake. As a final caveat, we also note that it is highly unlikely for FeCl;
to be present on the top or bottom surface of the flake, where it would come into direct
contact with all the organic solvents used during electron beam lithography fabrication
processes. Based upon these conclusions, we inferred the molecular stacking order in this
four-layer graphene flake which is illustrated in the inset of Figure [5.1p. We deduced that
FeCls vapour has diffused throughout all but the lowermost interlayer regions of the flake

during intercalation.

Following initial Raman spectroscopy measurements, the middle region of the FeCls-
FLG flake was irradiated by a focused A = 532nm laser line at an optical power density
of (P = 15.3MW/em?). This power density is two orders of magnitude stronger than
those used in Raman spectroscopy measurements (see Section . High intensity laser
irradiation was delivered by means of a rasterised scan in Az, Ay = 500nm steps, waiting
3 seconds at each position. Returning to the same location from which we inferred the
stacking order before irradiation, we recorded a second Raman spectrum at this position.
The resulting spectrum is shown in Figure [5.I¢. It is clear that the relative intensity of
the Go, G1 and G5 peaks have radically altered such that the spectrum is now reminiscent
of the CVD FeCl3-FLG films that we characterised in Chapter [l The G peak has disap-
peared, whilst the G| peak has broadened and red-shifted to ~ 1608cm~'. Additionally,

the Go peak intensity has markedly increased and its position has undergone a marginal
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red-shift to ~ 1587em 1. All of these changes point towards a mechanism whereby FeCls
is partially de-intercalated under intense laser irradiation. An inset in the lower plot of
Figure illustrates the new proposed molecular stacking order, which we have inferred
from the changes to the G band that were just discussed. In this new arrangement, FeCls
molecules which remain between graphene layers in the laser-mapped region are no longer
tightly packed and have dispersed such that the molecular stacking now forms a broad

variation of higher staging orders (> 2).

Figure [5.1d shows a schematic illustration of the FeCl3-FLG transistor. A diagram
of the short circuit configuration used in all photocurrent measurements in this chapter
is also provided. The 5.5um-wide partially de-intercalated region of the channel is high-
lighted in green. Extrapolating downwards from this schematic, Figure [5.1d sketches two
lines of potential energy within graphene: the Fermi energy (dashes) and the charge neu-
trality point (solid line) as a function of displacement, y, along the length of the channel.
Superimposed band diagrams (with k, not y along the bottom axis) denote the doping at a
finite location in the middle of each region. In the remainder of our discussion we refer to
highly intercalated regions as ‘p-doped’ and the partially de-intercalated laser-irradiated
regions as ‘p-doped’. Similarly, dashed terms (e.g. ¢’) denote physical parameters of the
p’-doped region. Line scans of the G; and G peak positions along the length of the same
channel are plotted in Figure for measurements taken before (black) and after (red)
laser-induced de-intercalation of the middle section. From these plots, we can confirm that
a red-shift in Pos(G1) and removal of the Gy peak occurs throughout the laser-mapped
region. In contrast, the position of G; and G2 peaks remain largely unchanged across
the immediate surrounding area of the mapped region. The transistion between p and p’
regions occurs over a length of approximately 1um, which correlates with the laser spot
resolution. Based upon these observations, we can offer a few comments regarding the
mechanism of laser-induced de-intercalation: Raman spectra recorded after partial de-
intercalation of FeCls-FLG are also absent of a D peak (see Figure [5.1p). Combined with
the fact that micrograph images (discussed later) show no signs of physical damage, we
have excluded the possibility that laser ablation contributes towards the observed changes
in Raman spectra. Furthermore, defect-free graphene sheets are known to be impermeable
to all atoms M2 It is therefore highly improbable that FeCls molecules escape vertically
through the graphene stack if we observe no signatures of structural damage. Finally, we
find no evidence in Figure to suggest an increased concentration of FeCls in regions
directly next to the laser-irradiated area. With these points in mind, we suspect that
intercalated FeCls molecules are sublimated or otherwise displaced under intense laser

irradiation and, over the duration of a rasterised laser scan, diffuse out of the side walls
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Figure 5.1: Laser-induced de-intercalation of FeCl3-FLG. a). Raman spectrum
of a four-layer pritine graphene flake on SiO2/Si. Inset: Micrograph image of the same
few-layer flake illuminated by white light. Dashed line denotes the boundary across which
optical contrast values were calculated. b) Raman spectra of the same four-layer flake after
intercalation with FeCls and b) after laser-induced de-intercalation. Insets: Illustrations
of the molecular stacking structure inferred from each Raman spectrum. d) Schematic
diagram of a laser-irradiated FeCl3-FLG transistor and e) the built-in field created at the
interfaces of a p-p’p junction. Line scans detailing the position of f) G and g) G peak
positions along the length of the FeCl3-FLG transistor channel before (black dots) and

after (red dots) irradiation of the middle zone (green) with a scanning high intensity laser.
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of the FeCl3-FLG flake. Regardless of the exact kinetic process, this method presents
an extremely simple way, akin to standard optical lithography procedures, to arbitrarily

tailor the degree of p-doping throughout few-layer graphene.

5.2.2 Methods

All Raman spectra presented in this chapter were acquired in ambient conditions using
a continuous-wave A = 532nm laser focused through a 50x objective to a spot diameter

of 1um and power density of 130kW/cm?

. Spectra were collected using a 2400g/mm
diffraction grating and acquisition time of 5 seconds. The power density of the laser line
was attenuated using a motorised wheel of various neutral density filters. Photocurrent
measurements were conducted using light sources from an array of solid-state laser diodes
with various emission wavelengths. Light was focused using a 50x microscope objective
(NA = 0.8) to produce a laser spot diameter of lp ~ lum. lp = 297nm in the case of
Figures , and Equation following a system upgrade to diffraction-limited
optics. The photocurrent signal was measured in short circuit configuration at the drain
electrode with an inverting current amplifier (DL Instruments Model 1211) and its read-out
voltage input to a lock-in amplifier (Ametek 7124). Optical power density was modulated
as a square wave at the lock-in amplifier reference frequency of 73.3Hz. Light intensity
was adjusted by means of a variable voltage signal applied to the laser diode power mod-
ule and physical insertion of neutral density filters into the beam’s optical path. Power
density levels were quantified by measuring the photocurrent produced by a calibrated
Si photodiode (Thorlabs FDS100-CAL) when exposed to each light signal under reverse

bias. All measurements were conducted in air at room temperature and were found to be

reproducible over a period of more than one year.

5.3 Results

5.3.1 Photo-responsive p-p’ junctions

Having established that p-p’ junctions can be arbitrarily defined in select regions of FeCls-
FLG via high-intensity laser patterning, we proceeded to examine the electronic response
of these junctions to illumination at lower optical powers. High-resolution scanning pho-
tocurrent maps of the entire area of the four-layer FeCls-FLG flake were recorded before
and after laser-assisted de-intercalation of the channel’s middle region. These maps are
shown in Figures [5.2h-e. Before de-intercalation (Figure ), doping across the the

FeCl3-FLG channel is uniform such that almost no photocurrent is generated away from
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the FeCl3-FLG - Cr/Au interfaces at source and drain electrodes. Photo-response from
graphene in proximity to metallic contacts is a regularly reported phenomenon 3 and
will not be discussed here. Two spots that show very faint photocurrent signals in Figure
[b.2pb correlate loosely with microscopic surface residues on the channel, as can be seen from
the device image in Figure [5.2h. Following laser-assisted de-intercalation of the central
channel region, two regions at the boundaries of the mapped area exhibit an approximately
equal and opposite photo-response. Figures [5.2k-e show this effect to be independent of
excitation wavelength across the UV-A to visible (red) range.

In Figure [5.2f, we measure the magnitude of photocurrent produced at one of the
p’-p interfaces ("A” in Figure ) as a function of optical power density. A best fit
to Ip,(P) reveals a consistently linear photo-response over more than three decades of
incident power. This behaviour extends up to higher power densities, until the onset of
laser-assisted de-intercalation at P > 10MWem ™2, and was found to be consistent across
all measured excitation wavelengths (see Figure ) In contrast, a reference device of
pristine few-layer graphene (black data in Figures and ) produces a bolometric
photocurrent under a DC source-drain bias of 10mV with a power exponent of o &~ 2/3.
Following our discussion in Section of the power laws compiled in Figure this
sub-linear power exponent is a typical example of hot carrier effects in the case where
Ty, >> T1, and hot carrier-phonon scattering is mediated by sites of disorder. The power
law of these hot carrier effects saturates at significantly lower powers, P ~ 30kWem ™2,
which correlates closely with previous reports of lateral photocurrent signals in graphene

photodetectors 22 LLLLIAITLS

5.3.2 Linear dynamic range

Photocurrent signals at p-p’ junctions in FeCls-FLG appeared to exhibit consistent re-
sponsivity across an unusually large range of incident optical powers. Because of this,
we decided to quantify the linear dynamic range (LDR) of these interfaces. Having es-
tablished the saturation power density to be Py = 10MWem™2 from Figure , we
examined the lower limit of LDR in Figure [5.3h. By measuring the noise current, I,
generated at a reference frequency slightly away from the frequency of light modulation,
we determined the noise-equivalent power at the point where I,,(P) and I,,(P) intersect.
Importantly, the noise bandwidth, A f, was kept constant amongst photocurrent and noise
current measurements. We found NEP = 4kWem~2. Using Equation (2.24)) from Section
we calculated a linear dynamic range of LDR = 44dB. In order to asses this value,
we compiled the reported saturation power, noise-equivalent power and linear dynamic

range of all published graphene photodetectors where o = 122E2SLILATT iy Rigyre
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Figure 5.2: Photocurrent signals at p-p’ junctions in FeCl3-FLG. a). Micrograph
image of a FeCls-FLG transistor with a laser-written p-p’p junction in the middle of the
channel. Boundaries of the laser-written region are highlighted (dashed lines). Scanning
maps of the short circuit current generated across the device area b) before (A = 473nm)
and c)-e) after (A = 375nm,473nm, 561nm) laser-assisted de-intercalation of the central
region (dashed lines). P = 38kW/cm ™2 for all excitation wavelengths. f) Absolute magni-
tude of the short circuit photocurrent produced at a p-p’ junction in FeCl3-FLG (red) and
the bolometric current produced by a pristine graphene transistor where Vpg = 10mV
(black). A = 473nm. Power-law exponents determined from fits to I, oc P (solid lines)
are provided in the legend. Green highlight: The range of power density at which pristine
graphene detectors are reported to saturate (see Figure ) Yellow highlight: The ex-
tended dynamic range of FeCl3-FLG. g) Linear dynamic range measured at a p-p’ junction

in FeCl3-FLG , (region A labelled in d)) for various excitation wavelengths.
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Figure 5.3: The linear dynamic range of reported graphene photodetectors. a)
Plot of the photocurrent (red) and electrical noise (blue) generated at a p-p’ interface of
FeCls as a function of optical power density. A = 473nm. Dashed line highlights the noise

b noise-equivalent

equivalent power. b) Table compiling the reported ¢ saturation power,
power (if available) and ¢ linear dynamic range (if available) of graphene photodetectors.

d Measured value. ¢ Estimated value.

Comparing these values, it appears that the linear dynamic range of p-p’ interfaces in
FeCl3-FLG is unusually large. Suspecting that the high charge carrier concentration in-
duced by FeCls intercalation has a significant role to play in this anomalous behaviour,
we next endeavoured to understand the effect of FeCls intercalation on photovoltaic and

photo-thermoelectric photocurrent signals.

5.3.3 Theoretical estimates of PV and PTE effects in FeCl;-FLG.

As an attempt to understand our findings of an enhanced linear dynamic range in p-p’
FeCl3-FLG junctions compared to pristine graphene photodetectors, we applied the PV-
PTE model of Song et. al®¥ to the case of these highly-doped interfaces. This model
corresponds to theoretical concepts introduced in Section [2.4.2] concerning short circuit
photocurrent in monolayer graphene. By applying this to FeCls-FLG, we are making the
assumption that adjacent graphene sheets in a few-layer graphene flake are electronically
de-coupled monolayers once FeCls molecules diffuse between them. Whilst this is valid
for stage-1 intercalated layers (see Section , the assumption becomes more tenuous
in regions with a lower degree of intercalation. We discuss this further in Section [5.4
Using Equations and as starting points, we need to establish values
for the chemical potential and conductivity either side of the p-p’ junction. Electrical
measurements of the Hall voltage across our device would provide the most accurate

values of total charge carrier concentration but this requires incrementally spaced voltage
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probes along the channel. These could act as additional heat sinks and interfere with
the density of states near photo-responsive junctions. Hall voltage measurements would
also not provide an easy way by which to evaluate the conductivity of each electrically
isolated graphene layer. Instead, we chose to use Raman spectroscopy to estimate n and
¢ throughout the FeCls-FLG flake.

Based on our interpretation of molecular ordering throughout the partially-irradiated
channel, the flake shown in Figure is four-layer graphene where the bottom two sheets
remain electrically coupled as a bilayer. Going from top to bottom, we now refer to the
decoupled graphene systems as A, B and C (Figure ) The chemical potential of
the bilayer system C will not be affected as radically as the monolayers A or B when
in proximity to just one layer of FeCls, we therefore focus our discussion on the upper
two layers of the flake. We also simplify the system to a single p-p’ junction, given that
the laser spot does not illuminate the entire p-p’-p structure at once. In Figure [5.4,
we numerically evaluated the DFT model of Lazzeri et al’* to convert from the positions
of G1 and G2 Raman peaks in Figures and to the carrier concentration in each
layer before and after laser writing (n'y ~ n'y after irradiation). Taking a linear band
approximation, we then estimated the spatial variation in chemical potential in Figure
5.4d. This yielded average values of ¢.q4 = (—0.88 £0.02) eV, ¢.p = (—1.12+0.2) eV
and ¢/cA,B = (—0.76 + 0.02) eV. Marginally smaller values of chemical potential have been
measured via Kelvin probe microscopy in the CVD FeCls-FLG films discussed in Chapter

18 and

102 but our estimates correlate well with previously reported DFT calculations?®
Raman spectroscopy measurements? of exfoliated flakes.

Two terminal resistance measurements of the FeCl3-FLG flake in Figure [5.4h were
taken before and after laser patterning using a lock-in amplifier in constant current con-
figuration. Through image analysis, we calculated the change in channel width along

each region of the flake (plotted in Figure ) and related these dimensions to the total

conductivity of the channel, oyo.

= — — 5.1
P Otot J—L/2 W(y) Y

/ 1 vi —1 L/2 —1
Ry = W () Ldy + / W () dy
Otot |J—L/2 Y2

1 Y2 1
+— / Wiy)  dy (5.2)
Otot Ju

Here, y; and ys denote the boundaries of the irradiated p’ area. Through Equations
(5.1) and (5.2) we found oypr =~ 27mS and o}, =~ 10mS, slightly below the maximum
reported conductivity of fully intercalated four-layer flakes1® Approximating ne; ~ 2n4+

np and nj, = 3n/y 5, the average hole mobility was taken to be (u) = 650cm*V ~1s™".
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Figure 5.4: Calculation of the carrier concentration and chemical potential at
p-p’ interfaces of FeCl3-FLG. a), Micrograph picture of a four-layer FeCls-FLG flake
with a p-p’-p junction patterned by A = 532nm laser irradiation. Superimposed lines
represent flake boundaries (red), contacts (yellow) and the de-intercalated area (white).
b) Schematic of a p-p’ interface located at the centre of a long, narrow FeCls-FLG channel.
The degree of intercalation, inferred from Raman spectroscopy measurements, is illustrated
for each region with the three decoupled systems labelled A, B and C. ¢) Width of the
flake shown in a) as a function of displacement from the channel’s middle. Red dashes
mark the boundaries of the p’ region. d) Concentration of charge carriers in decoupled
graphene layers inferred from the position of the G; and Go Raman peak positions shown
in Figure 5.Ip. The chemical potential is then calculated using the density of states for

monolayer graphene.
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Finally, we established conductivity values for the individual systems A and B using
Equation ([2.13]), which is repeated below (we will duplicate several equations from Chapter
in this section for the sake of clarity).

¢2
0 (¢c) = Omin (1 + A2> (5.3)
From this, we estimated o4 = 6.0mS, o = 9.6m.S and 014’3 =4.5mS.

Equations (2.39) and (2.37)), established in Section m provide us with expressions

for the drift-assisted and diffusion-assisted components of photocurrent at asymmetrically-
doped interfaces in monolayer graphene. Considering the temperature gradient driven

component first, we write

Iprp = %zfj?fh : ﬁi, ool (1= =g (1= 7)) (5.4)

The elevated hot carrier temperature, AT, is difficult to measure experimentally.
Typically, one would require picosecond resolution of photocurrent transients in low tem-
perature environments?® which is beyond the scope of our experimental apparatus. Al-
ternative methods which approximate values of AT using Equation rely on the as-
sumption that any measured photovoltage is produced solely by thermoelectric currents .23
This inference cannot be made for FeCls-FLG interfaces; extremely high carrier densities
(up to 3 x 10*em ™2 per layer) efficiently screen electrostatic gating potentials and pro-
hibit experimental methods which would otherwise be used to verify the ‘six fold pattern’
signature of hot carriers?2232%01 (see Section . Instead, we use the solution of Song
et. al?2 (Equations (2.35) and (2.34)), repeated below)

axeoloNpp
£coth (2—@) + &rcoth (%) + ok (ST = 8)?

$ VD) >0

Provided kT < (qbc,gbc’ ,A), the third term of the denominator in Equation 1)

AT =

is negligible. The cooling length, £, of each graphene layer is dependent upon its electri-
cal conductivity, density of states (D (¢c)) and the hot carrier cooling rate ()% Our
next task must therefore be to establish whether supercollisions or single acoustic phonon
processes dominate cooling mechanisms.

For graphene layers where n > 10'3¢m ™2, the Bloch-Griineisen temperature reaches
hundreds of Kelvin and hot electrons may completely equilibrate with the lattice via

ol

just a single acoustic phonon interaction under CW illumination** Disorder-mediated

scattering is therefore not relevant in our devices. This can be shown by substituting
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Equation into Equation using the relation for the mean free path of a two-
dimensional electron gas, | = ohn/ke?, to estimate the relative magnitudes of power
loss via supercollisions and momentum-conserving scattering events in FeCL3-FLG. For
Ty —T; << Tj, we find supercollisions to make up as little as 3% (11%) of the total heat loss
from hot electrons before (after) laser-induced de-intercalation. The scattering rate can

therefore be approximated by considering just single acoustic phonon processes (Equation

(2.26)), repeated below). ™

. 3D}
- 47r2h3pmvp4kBTL

Th (5.7)

Due to the doping induced by FeCls intercalation, the cooling rate of momentum-
conserving acoustic phonon coupling dramatically increases from v, ~ 107s~! at ¢, =
100meV to ypa) = 6 x 10Ms™1, Yy = 1 X 102571 and V;L(A,B) = 4 x 10"s~!. This
is in agreement with the picosecond relaxation time-scales of FeCl3-FLG measured via
pump-probe spectroscopy & Hence, we use Equation to calculate cooling lengths
of {4 = 220nm, {p = 170nm and £’y p = 260nm. Given that § << L/2 for all of our
devices, Equation simplifies to

A
AT ~ Oé)\Gol()Nph (5 + §I> (58)

Substituting Equation (j5.8]) into Equation (5.4) and employing the Wiedemann-Franz
relation (Equation (2.14)))%? we arrive at a full expression for the photo-thermoelectric

current produced at a p-p’ junction in FeCls-FLG.

/

Iprp 2R TN (o1 miny (1 om)] TEL T )

where n; ~ ayeg/kpTy is the internal quantum efficiency. We then eliminate un-

known quantum efficiency terms by approximating Np, = npn/neqE (T), where npgE is
the external quantum efficiency, (7) ~ ()" is the average hot carrier lifetime and () is
the average scattering rate of hot carriers with phonons across both sides of the junction.
The low responsivity of all measured devices (y < 10*4/W) indicates that the external
quantum efficiency is not limited by the absorbance of FeCls-FLG. We therefore make a

final approximation that ngpgr ~ n;.

!/

e = IO [ (1-222) . (-2 24 5] o

Dividing Equation (5.10) by Equation (2.39)), the relative magnitudes of photo-

thermoelectric and photovoltaic currents at FeCl3-FLG p-p’ junctions may be estimated.
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Ipre _ 2ekpTrlo(v) Omin (¢’ (1 — F22) — ¢ (1 — Zzn)

~

Ipy pA ' Pepe’ (% + %’/> [mn_l (%) ~tan™! (d)f\/)}

For both decoupled systems A and B, we calculate Iprg/Ipy ~ —0.06. We therefore

(5.11)

expect the thermally-assisted diffusion of hot carriers to make a minor contribution towards
the total photocurrent generated at FeCls-FLG p-p’ junctions and to act in the opposite
direction to current produced by the photovoltaic effect. This result supports our findings

in Figure [2.§] of Section [2.4.2

5.4 Future research directions

Through a combination of experimental and theoretical investigations, we have come
to the conclusion that laser-written p-p’ junctions in FeCl3-FLG exhibit an unusually
large linear dynamic range due to the accelerated cooling of hot carriers in highly-doped
graphene layers. However, our calculation of Ippg/Ipy =~ —0.06 in Section involved
several approximations. In particular, we have assumed that the base bilayer graphene
sheet does not contribute towards photocurrent signals and that all partially-intercalated
graphene layers are electronically de-coupled from one another. If our dismissal of the
base layer is incorrect, a magneto-transport study of bilayer graphene*? has shown v, (n)
to increase at a faster rate than in graphene monolayers. Therefore, our prediction that
photo-thermoelectric current signals are reduced is likely to remain valid. With regards
to our assumption of parallel monolayer graphene systems, we have attempted to ex-
perimentally verify the predicted change in photocurrent polarity during the transition
between predominant photo-thermoelectric and photovoltaic currents in samples of mono-
layer graphene at high charge carrier concentrations. The only method by which n can be
electrically modulated to approach levels induced by FeCls intercalation is through ionic
polymer gating. This involves depositing a polymer containing mobile ions, usually Li*
and ClO} , on top of a graphene device. Mobile ions drift under an applied DC voltage to
electrostatically gate graphene with a capacitance per unit area approximately two orders
of magnitude greater than is possible using SiO3/Si gates.”® Figure shows an AFM
phase image of such a device. A 40nm dielectric spacer of hexagonal boron nitride was
laminated onto the middle of a monolayer graphene channel before depositing the ionic
polymer gate so that p-p” and n-n’ junctions could be induced with a single global gating
potential. Unfortunately, as the photocurrent map in Figure shows, these mobile ions
are also unstable in air and introduce inhomogeneous doping throughout the entire device.

Because of this, we were unable to accurately asses the number of polarity changes in Iy,
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Figure 5.5: Ionic polymer-gated n-n’/p-p’ junctions. a) AFM phase map with
overlaid outlines of a 40nm hexagonal boron nitride (‘hBN’, blue) dielectric spacer partially
covering a monolayer graphene flake (‘Gr’, yellow) with Ti/Au electrodes (pink). b)
A scanning short-circuit photocurrent map of this device in ambient conditions, where
Vg =1V, A = 561nm and P = 210kWem ™2, c) Short circuit photocurrent as a function
of gate voltage recorded at locations labelled in a). d) 3D rendering of a prototype slim-line

vacuum chamber probe station for various scanning microscopy measurements.

during sweeps of gate voltage (see Figure ) To assist future research projects con-
cerning environmentally unstable materials, we have recently designed, proto-typed and
installed a custom vacuum chamber probe station that retro-fits to our existing scanning
optical microscope system. A 3D schematic of this chamber is provided in Figure [5.5d.
With this newly-installed equipment, we are now able to conduct future research projects
concerning environmentally unstable materials using a wide variety of scanning optical

microscopy and spectroscopy measurements in a high vacuum environment.

5.5 Conclusions

In this chapter, we have shown that asymmetrically-doped p-p’ junctions can be laser-
written into FeCls-intercalated few-layer graphene to produce photo-responsive interfaces
with a linear dynamic range of LDR = 44dB. Through examining the polarity of pho-
tocurrent signals and theoretical calculations based on a model of competing photovoltaic
and photo-thermoelectric effects, we concluded that the accelerated cooling of hot carriers
in highly p-doped graphene is responsible for this extended linear photo-response. Overall,
this presents a novel method by which the electronic properties of graphene may be tailored

to exhibit a linear electrical response to a variable light source. The comparatively large
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linear dynamic range that we have engineered could be of use in high-power radiometry
applications. However, we note that the responsivity of these junctions is extremely low
(v < 107*A/W across visible wavelengths), which prevents detection of light signals below
a high noise-equivalent power density of 4kWem™2. In the final experimental chapter of
this thesis, we will focus on a method of adapting graphene such that light intensities far

below this limit may be electrically detected.
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1Some of the findings discussed in this chapter have been accepted for publication in the follow-
ing manuscript: Highly efficient rubrene-graphene charge transfer interfaces as phototransistors in
the visible regime, G. F. Jones, R. M. Pinto , A. de Sanctis, V. K. Nagareddy, C. D. Wright, H.

Alves, M. F. Craciun and S. Russo, Advanced Materials.
2Dr Rui M. Pinto assisted with the growth and lamination of all rubrene single crystals presented

in this chapter. Gareth F. Jones fabricated all devices, undertook all measurements, analysed/in-

terpreted all data and wrote the manuscript associated with this chapter.
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6.1 Introduction

As discussed in Section the planar interfaces formed between monolayer graphene
and semiconductor materials present unique opportunities for the detection of extremely
weak light signals. Specifically, the non-zero band gap and strong light-matter interac-
tions in semiconductors provide spectral selectivity and efficient optical absorption which
graphene lacks. Conversely, an optimum surface area to volume ratio and high charge car-
rier mobility makes graphene extremely sensitive to the injection of photo-excited charge
carriers and facilitates large photo-conductive gain, a combination which bulk semiconduc-
tors cannot offer. In comparison to the lateral graphene interfaces discussed in Chapter
this synergistic combination of materials radically enhances the responsivity of graphene-
based photodetectors such that they produce resolvable signals in ultra-low light environ-
ments where, conventionally, only photomultiplier tubes and avalanche photodiodes are
effective. Optimising the external quantum efficiency (EQE) of graphene phototransistors
through the exploration of various material combinations is now a highly active field of
research. Previous studies have focused on graphene interfaced with colloidal quantum

0

dots;2%B5 87120 transisiton metal dichalcogenides;2832 ITI-VI semiconductors;2? metal ox-

13)[44

ides;*! perovskites;#? organometallic complexes and polymeric/small-molecule organic

semiconductors "3 Room temperature EQE as great as 108 has been reported,*? whilst

variations in photo-generated charge trapping lifetimes make the speed of some detectors

291121 38

suitable for video-rate imaging whereas others show memory capabilities*® How-

ever, several challenges still remain. It has not yet been determined which materials are
best suited for light absorption in these systems and a lack of standardised characterisa-
tion procedures has promoted the use of ambiguous performance metrics which hinders

accurate comparison amongst studies.

In this chapter, we systematically characterise graphene phototransistors which utilise

a single crystal organic semiconductor, rubrene, as the light-absorbing layer. The choice

122

of a single crystal was inspired by the short exciton diffusion lengths*== and inhomogene-

123

ity+=? in solution-processed and thermally evaporated organic films which are expected to

limit the quantum efficiencies of devices. Indeed, studies utilising amorphous3 335743444

3284 organic photo-active layers in graphene phototransistors have so

and polycrystalline
far all displayed a photo-gating quantum efficiency (PGQE) less than 0.008% and 0.6%
respectively. This is significantly lower than the maximum PGQE of ~ 25 — 32% achieved

2988 Our use of a structurally pristine single

using inorganic semiconductor equivalents.
crystal organic semiconductor rather than a disordered film marks the first attempt to

explore the underlying cause of this discrepancy and to determine the quantum efficiency
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for every constituent process of photocurrent generation in a graphene phototransistor.
We find that, through minimisation of structural disorder in light-absorbing layers and
the use of appropriate characterisation methods, our devices exceed previously reported
photo-gating quantum efficiencies of organic semiconductor-graphene phototransistors by
one order of magnitude. Internal PGQE as large as 5% is measured at ultra-low light
levels, whilst responsivity as large as 107AW ™! and a detectivity of 9 x 10! Jones are
attained at room temperature. Finally, we undertake a comparative study of all reported
graphene phototransistors in order to argue the need for a renewed consensus regarding

the appropriate figures of merit for these novel photodetectors.

6.2 Experimental Details

Device Fabrication

Continuous films of polycrystalline monolayer graphene were grown on Cu foils using the
low pressure cold-wall CVD growth method®® detailed in Section Graphene films
were then transferred onto SiO2/Si substrates using the wet transfer technique detailed
in Section Graphene transistors were fabricated by performing three rounds of elec-
tron beam lithography on the transferred CVD-grown films using PMMA as a resist.
After the first lithography cycle, incrementally spaced Au (30nm) electrodes were de-
posited on graphene by thermal evaporation. A rectangular channel was then defined
using a 15W Ogy/Ar plasma to etch graphene after the second lithography stage and, fi-
nally, Cr/Au (5nm/50nm) leads and bonding pads were thermally evaporated onto the
exposed substrate after the third lithography stage. The quality of graphene was assessed
after fabrication using Raman spectroscopy, a typical spectrum is shown in Figure [6.1
with relevant parameters of Lorentzian peak fits compiled in an inset table. The identi-
fied peaks are typical of polycrystalline graphene,? with the blue-shifted G peak position
(Pos(G) = 1588cm™!) revealing a significant degree of p-type doping (n ~ 6 x 10*2cm =2
using the non-adiabatic model’ described in Chapter , a common effect of adsorbed Oo,
H,0 and PMMA residues from the transfer process*#4# Without a notch filter capable of
resolving extremely low frequency interlayer shear modes ?® we based our analysis of the
film layer number upon the G and 2D peak profiles. The intensity ratio I(G)/I(2D) = 0.49
is larger than typical reports of pristine monolayer graphene!?® but a suppression of 1(2D)
is expected due to the additional electron-electron scattering pathways present in doped
samples 2>127 Furthermore, the non-degenerate nature of the 2D peak indicates that inter-

layer transitions associated with multilayer stacking are absent”” The uncharacteristically
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Pos(G) 1588cm”’
FWHM(G) | 23cm™ 2D
Pos(2D) 2674cm’’
FWHM(2D) | 46cm’™’
I(D)/I(G) 0.2
1(G)/I(2D) | 0.49
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Figure 6.1: Raman spectrum of a CVD graphene transistor on SiOy/Si. \g =
532nm. Insets: Micrograph image of the measured graphene transistor (scale bar =

500um) and a table compiling relevant parameters of the Lorentzian peak fits.

broad FWHM of the 2D peak could be interpreted as a signature of turbostratic few lay-
erd’28 hut, given the low carbon solubility of Cu, is more likely to be caused by nano-scale
strain variations induced from the substrate transfer process® We estimated the density
of Raman-active scattering centres, using an empirical relation proposed by Cancado et.
al. %8 to be np = 2.3x 101 -[1 (D) /I (G)] = 4.5+1.2x 10'"%m 2. We note that scattering
events at charged impurities do not contribute towards the Raman D band of graphene,
which explains why np is much lower than the typical density of silanol groups on SiOs
after exposure to HF 99 Thin (< 500mm) single crystals of rubrene were grown via the
physical vapour transport procedure discussed in Section Iﬂl A sharpened cocktail stick
was used to pick up selected crystals via electrostatic adhesion and laminate them onto
graphene transistors. Any graphene regions remaining un-covered by rubrene were then
removed through a 40 second exposure to a 15W Ar plasma. Photoluminescence, cross-
polarised optical microscopy and polarised Raman spectroscopy measurements, discussed
below, did not show any evidence of significant damage to the rubrene crystal structure
from this etching procedure. Micrograph images of an interface before and after etching are
shown in Figure and respectively. Several rubrene crystals were laminated onto
electrodes with no graphene present and several graphene transistors were not laminated

with rubrene, serving as negative control samples in photocurrent measurements.

Crystallographic orientation and quality of rubrene

After complete fabrication of rubrene-graphene transistors, three independent experimen-
tal methods were used to confirm that rubrene samples were indeed highly ordered single

crystals. One of these methods, cross-polarised optical microscopy, is presented in Figures
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Intensisty (arb.)

Figure 6.2: Lamination of rubrene onto graphene transistors. Micrograph im-
ages show a rubrene-graphene phototransistor a) before and b) after removal of exposed
graphene with a 15W Ar plasma with crystallographic axes of the top surface labelled in
c). Cross-polarised optical microscopy images, captured with the rubrene crystal b axis
oriented d) parallel and e) 51° to the electric field vector of incident light, are overlaid
with outlines of the channel regions that were analysed to produce polar plots of average
grey-scale intensity shown in f). g) A schematic of the rubrene-graphene transistor struc-
ture details the circuit configuration used in photocurrent measurements and the rubrene
crystallographic axes relative to the macroscopic facets. Diagrams are provided of h) a

single rubrene molecule and i)-k) molecular stacking in each crystallographic plane.
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[6.2d and [6.2k where micrograph images of a rubrene-graphene interface were captured
for two different sample orientations. Uniform brightness was observed across the entire
interface in each case, with intensity strongly dependent on the angle between the long
axis of the crystal and the polarisation plane (5 ) of incident white light. Polar plots of the
average brightness over three distinct interface regions (Figure f) revealed a consistent

129130 where the intensity cap-

four-fold pattern. This a clear signature of birefringence,
tured by the microscope camera is proportional to the projection of electric field vectors
for both ordinary and extraordinary rays exiting the rubrene crystal’s top surface onto
the polarisation plane (é ') of the filter in the analysed light path. If the sample were
a polycrystalline rubrene film consisting of randomly oriented grains, bright and dark
patches would be apparent in Figures and [6.2p. On the other hand, if the sample
were an amorphous film consisting of randomly oriented rubrene molecules, Figure [6.2]
would have shown the image intensity to be independent of sample orientation. These
cross -polarised optical microscopy measurements therefore provided strong evidence of
consistent anisotropy throughout the entirety of each rubrene crystal used in our devices.
Based on this finding and previous reports of lath-shaped rubrene single crystals 1317133
we assigned crystallographic axes to the macroscopic facets of the rubrene samples as
shown in Figures [6.2p-k. For this crystallographic orientation, the tetracene backbones of
rubrene molecules (Figure ) form a herringbone stacking structure along the ab plane
(Figure [6.2]) which extends parallel to the top and bottom surfaces of the crystal. Ex-
perimental evidence of this crystallographic orientation and confirmation of the structural
quality of rubrene was provided by the photoluminescence (PL) spectrum shown in Figure
[6.3] which was measured from the same interface as Figures [6.2h-e. The PL spectrum was
fit with two sets of equidistant Voigt functions, which represent the vibronic progression
of radiative transitions polarised along the L, N (< 2.05¢V) and M (> 2.05¢V) axes of
rubrene molecules 34 Although M-polarised emission is typically 10-20 times stronger,
these peaks are less intense than L and N polarised PL in Figure 6.3} From this, we can
infer that our axis of illumination and detection (normal to the top surface of rubrene) is
oriented parallel to the M axes of all constituent molecules and therefore parallel to the
¢ axis of the crystal. This correlates with the crystallographic orientation illustrated in
Figure [6.2p. It is also important to note that a PL band located at 1.91eV, originating
from surface photo-oxidation of rubrene’®? and deep trap states/13% was absent from all

measured samples. This demonstrated the high structural quality of the single crystals

employed in our experiments.

The absorption coefficient («) of rubrene single crystals is plotted on the right y-

axis of Figure [6.3] This was determined from experimental measurements of the re-
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flectance (R(\)), transmittance (7r(\)) and thickness (d = 1.6um, measured using a
Dektak 3030ST profilometer) of a similar lath-shaped crystal laminated on glass. The fol-
lowing expression, derived from Beer’s Law, assumes negligible absorption in glass, strong
absorption in rubrene and the reflectance of the system to be dominated by the first

reflection at the air/rubrene interface.: 3%

B _1 N Tr(\)
a(N) = dl {[1 " ROVP } (6.1)

The resultant absorption coefficient spectrum agrees well with established values for inci-

L34 Similar to our discussion

dent light normal to the ab-facet of rubrene single crystals.
of PL in rubrene, the 2.32eV peak in a(A) represents the HOMO — LUMO electronic
transition that only satisfies transition dipole moment selection rules if the electric field of
absorbed light is polarised along the M axes of constituent rubrene molecules 13#137 The
more prominent series of peaks positioned above 2.32eV are higher vibronic modes of the
same electronic transition, which are excited by light polarised along the L and N axes

of rubrene molecules. 34

The 2.32eV peak is commonly observed as a shoulder peak, even
with incident light upon the ab crystal facet, due to the experimental artefact of a micro-
scope objective with a non-zero numerical aperture (NA = 0.15). In Section we use
this absorption coefficient spectrum to estimate the density of absorbed photons and the
internal photo-gating quantum efficiency (PGQE) of rubrene-graphene phototransistors.

Polarized Raman spectroscopy2® 140

was used as a final tool to confirm the crystal-
lographic orientation and structural quality of the rubrene single crystals in our transistor
devices. For these measurements, we used an excitation wavelength of A = 633nm in order
to avoid strong fluorescence from rubrene and allow the signatures of normal Raman scat-
tering processes to be resolved. Raman spectra were recorded from the rubrene-graphene
interface under two polarization configurations, one with the electric field vector of both
incident and backscattered light rays parallel to the long edge of the crystal surface and
the other with rays polarized parallel to the short edge. With incident and analyzed light
polarized in the same plane, only phonon modes associated with diagonal terms in the
polarizability tensor of crystalline rubrene are probed. In rubrene single crystals, which
belong to the Do point group, these polarizability terms produce Raman-active vibra-
tional modes with A, symmetry 13?9 Figures and show typical spectra collected
in short axis and long axis polarisation configurations respectively. In both cases, peaks
centred close to 73cm ™1, 105cm ™!, 116cm ™" and 139em ™! were detected, corresponding
well with reported A, symmetry modes?3? An additional A, mode positioned around
220cm ™! is typically very weak and could not be resolved by our experimental set-up.

Crucially, no significant peaks were recorded within the 85cm™' < Aw < 90em ™! range
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Figure 6.3: Photoluminescence and absorption spectra of rubrene single crys-
tals. Normalised photoluminescence (maroon) emitted from a 202nm-thick rubrene crys-
tal laminated on CVD graphene. Excitation wavelength, A = 532nm. The absorption
coefficient (blue) was calculated from reflectance and transmittance measurements of a
1.6pm-thick rubrene crystal on a glass substrate. The superposition (dashed lines) of
two series of equidistant Voigt profiles (solid lines) are fit to each spectra. Legend: peak

positions in each series, where m,n = 0, 1, 2,etc.

corresponding to Byg, By, and B3, symmetry modes which dominate the spectra of dis-
ordered rubrene samples. The peaks centred close to 73cm ™! and 116cm ™! are associated

with non-local electron-phonon coupling (Peierls coupling)*4"

which is strongest along the
b-axis of rubrene crystals where the transfer integral between neighbouring molecules is
largest. Hence, the enhancement of these two peaks in Figure [6.4b relative to Figure [6.4h
indicates that the short and long edges of the rubrene crystal surface align with the a
and b axes respectively, thereby completing the experimental picture of crystallographic
orientation within our samples. We recorded similar spectra at various positions along the
length of the rubrene-graphene interface, shown in Figure , for both short edge (aa,
Figure ) and long edge (bb, Figure ) polarization to demonstrate the long-range
crystallographic order present throughout rubrene and the absence of randomly oriented
grains. Similarly, Figure shows that spectra recorded at darker patches of the inter-
face, shown in the inset micrograph, display the same characteristic Raman peaks. There
was no evidence to indicate that these regions represent disorder within rubrene. Instead,

these dark patches were found to coincide with microscopic residues of PMMA located on

top of graphene and underneath the rubrene crystal.
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Figure 6.4: Polarized Raman spectra of a rubrene-graphene interface. Lorenz-
tian peaks are fitted to spectra taken with the electric field of incident and analyzed light
rays polarised along the a) short edge (aa-polarized) and b) long edge (bb-polarized) of the
crystal surface. ¢) Micrograph image of a rubrene-graphene interface (scale bar= 200um).
Arrows denote the crystallographic axes of the surface plane and circles mark locations
where Raman spectra were recorded (Ae; = 637nm) under d) aa- and e) bb-polarization
configurations. f) Polarized Raman spectra recorded at locations on the same rubrene

crystal with (blue) and without (pink) underlying PMMA residue. Inset scale bars= 20um.
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Charge transport measurements

The circuit configuration used for photocurrent measurements of rubrene-graphene pho-
totransistors is shown in Figure [6.2g, where any neighbouring pair of Au contacts incre-
mentally spaced along the channel can be used as a source or drain electrode. For short
channel segments with high conductance, Cr/Au leads and Au/graphene contact inter-
faces significantly contribute to the total circuit resistance and it is therefore necessary
to ascertain what fraction of the applied source-drain voltage (Vpg) actually drops across
the graphene channel (V). To this end, the two-probe and four-probe resistance of each
channel segment was measured in constant current configuration using the AC output
(Vose) of a lock-in amplifier and a ballast resistor (Rp >> Rc,) in series (see Figure[6.5h).
In both configurations, the equation R 4)p = V(QA)pRB/VOSC is valid. From Ohm’s Law,
the fraction of applied source-drain voltage dropping across the channel may be calculated

using

Vo _ (20 W) B (62)

Vbs  Rap pL
where p is the resistivity of graphene and (R¢) is the average contact resistance of each
source/drain electrode. The measured values of V., /Vpg are plotted in Figure , where
the dependence on channel length is found to be in good agreement with Equation .
The significant discrepancy between Vpg and V., for short channels was taken into account
for all subsequent calculations of photocondctive gain and quantum efficiencies in this
chapter. In a similar fashion, Figure details the DC measurement configuration
used to ascertain the field-effect mobility of each rubrene-graphene channel segment, with
measured values plotted as a function of channel length in Figure[6.5d. The average charge
carrier mobility across all channels, (i) = 1100cm?V ~1s™1, is typical of CVD graphene
on Si02%%8Y and suggests that the HF substrate treatment process shown in Figure
does not critically degrade charge transport within these transistors. The comparatively
low charge carrier mobility across 75um and 100um-long channels was attributed to the

increased probability of non-uniform doping and film disorder over larger channel areas.

Measurement conditions

For all photocurrent measurements in this chapter, phototransistor devices were housed in
a vacuum chamber probe station with a fused silica viewport at a pressure of 10 3mbar.
The transmittance spectrum of the viewport was measured and accounted for in all cal-
culations of incident optical power. A xenon lamp and monochromator with variable
low-pass filters (Newport TLS300X) provided spectrally tunable, un-polarized, collimated

light incident over the entire sample. We adjusted optical power levels using a series of
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Figure 6.5: Electrical characterisation of a rubrene-graphene interface. a)
Schematic of two probe (2P) and four probe (4P) circuit configurations used for contact
resistance measurements in b) which plots the fraction of applied source-drain voltage to
fall across the each channel segment. Dashed line fitting function: V;,/Vps = 1/(14¢1/L),
where ¢; is a constant. c¢) Conductivity as a function of charge carrier concentration for
a rubrene-graphene channel segment. Inset: Four probe DC circuit configuration used for
conductivity measurements. d) Charge carrier mobility as a function of channel segment

length.
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neutral density filters. A mechanical shutter (Thorlabs SHB1T) modulated light signals
and power densities were calibrated using a photodiode (Thorlabs S130CV) before and
after each data-set run. Excluding spectral scans, an excitation wavelength of A = 500nm
was used for all photocurrent measurements. PL spectra were excited in atmospheric con-
ditions using a continuous wave A = 532nm laser focused through a microscope objective
(numerical aperture, NA = 0.5). The power density of of the focused laser spot was kept
below 100Wm ™2 during PL measurements in order to avoid photo-oxidation of rubrene

crystals 14l

6.3 Results

Photoluminescence measurements

Figure [6.6] shows PL spectra measured at two locations on a rubrene single crystal, one
with and one without an underlying sheet of graphene. Comparing the two spectra, the
presence of graphene underneath rubrene causes a broadband reduction in the measured
PL intensity of approximately 25%. It follows that non-radiative pathways, such as ex-
citon dissociation and charge transfer, are available to photo-excited charge carriers in
rubrene when graphene is in direct contact with the crystal surface. However, exciton
dissociation at the rubrene-graphene interface is not the only process which could explain
PL quenching. Forster resonance energy transfer (FRET) from rubrene to graphene is an-
other potential mechanism®!42 hut it is often overlooked when discussing PL quenching
in semiconductor-graphene heterostructures225%42 In the case of FRET, electron-hole
pairs are excited within graphene, which acts as a broadband antenna for fluorescence
from rubrene molecules. The population of ‘hot’ charge carriers created by this effect
could drift under the electric field applied between source and drain electrodes, diffuse
according to lateral variations in Seebeck coefficient or transfer heat to the lattice via
inelastic scattering with phonons™ All three of these processes could result in measur-
able photocurrent signals but none would be as large as photo-gating effects due to the
absence of any significant gain mechanism. In order to identify the relevant dynamics of
photo-excited charge carriers in rubrene-graphene interfaces, it was therefore necessary to
carefully examine the electrical response of semiconductor-graphene interfaces to incident

light signals.
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PL (a.u.)

Figure 6.6: Photoluminescence quenching at a rubrene-graphene interface Pho-
toluminescence spectra measured at regions with (blue) and without (red) an underlying
graphene film. Dashed Voigt function peaks are fit to the rubrene-graphene spectrum.
Inset: Micrograph picture of the interface. Circles and dashes denote the positions of
each measurement and the border between rubrene/rubrene-graphene regions respectively.

Scale bar = 25um.

Photocurrent measurements

Figure [6.7] displays the photocurrent measured from a rubrene-graphene channel segment
as a function of applied source-drain voltage for a range of incident optical power densities
(P). Photocurrent signals were found to vary linearly with Vpg. This linearity is expected
for systems exhibiting photoconductive gain (G o« Vpg from Equation ) For a
source-drain bias voltage of 30mV and a measured field-effect mobility of 1300cm?V ~1s—1
(see Figure ), we estimate the transit time taken for charge carriers to drift across the
5um long interface channel using Equation to be 7, = 10ns. In Figure , transfer
curves of the same channel were measured under a variety of optical power densities.
Here, the gate voltage was modulated by applying square voltage pulses of alternating
polarity about Vi = 0V with a duty cycle of 1% in order to negate minor drifts in channel
conductance caused by hysteresis rather than the effects of illumination/23144 T all cases,
charge transport along the interface is clearly dominated by the ambipolar behaviour of
monolayer graphene and illumination induces an up-shift of the gate voltage required
to reach the charge neutrality point (AVoyp). This up-shift is indicative of exciton
dissociation and charge transfer at the rubrene-graphene interface, with holes migrating
from rubrene into graphene whilst electrons remain confined to the rubrene crystal2?
Other mechanisms of photocurrent, such as those caused by FRET to graphene, do not

produce this p-doping effect. This is best exemplified by the dependence of photocurrent
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Figure 6.7: Photocurrent from a rubrene-graphene interface. Photocurrent sig-
nals produced under various optical power densities are shown as a function of source-drain

voltage. (Vg = 0V). Inset: A transfer curve of the channel in dark conditions.

on gate voltage, shown in Figure [6.8b. If photocurrent signals were created by electron-
hole pairs excited in graphene, a three-fold polarity change signifying the competing effects
of field assisted extraction of hot carriers and heat exchange to lattice phonons would be
observed around the charge neutrality point ™ Instead, we find a two-fold polarity change
with the magnitude of I, saturating away from the charge neutrality point, where the
local density of states in graphene is the same in both dark and light conditions. As a
result, the sensitivity of these interfaces to light is tunable with applied gate voltage and
we observe responsivity as large as 1.4 x 10°AW~! (Figure ) and EQF = 3.4 x 10'%

under light levels equivalent as weak as 26mWm 2.

Lower responsivity was measured
under illumination with successively brighter light signals. This is due to a reduction
in PGQE as the density of photo-excited charge carriers in rubrene increases, shown in

Figure where AVoyp saturates for Pyens > 5Wm™2.

In order to determine the photo-conductive gain in photocurrent signals measured
from this rubrene-graphene interface, we focused on the transient response to weak light
signals, where P < 300uWm™2, in the inset of Figure Whilst the rise time of the
detector is relatively fast, taking approximately 100ms to reach steady-state current under
illumination, the transition back to dark current levels lasts for tens of seconds and is
indicative of the average lifetime of electrons localized in rubrene.? The photocurrent after
illumination was fit with a bi-exponential decay function (pink dashed line), suggesting
that at least two distinct lifetimes exist for photo-excited electrons in rubrene#? Taking a

weighted average of the two decay constants, we calculate an average lifetime of 77, = 2443
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Figure 6.8: Charge transfer at a rubrene-graphene interface. a) Channel resis-
tance, b) photocurrent and c) responsivity of a rubrene single crystal-graphene transistor

as a function of gate voltage under various optical power densities listed in the legends.
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Figure 6.9: Saturation of photo-gating under stronger light intensity. The
shift in gate voltage required to reach charge neutrality compared to dark conditions is
plotted as a function of optical power density. Inset: A 20-run average of the tran-
sient photo-response from a 5um rubrene-graphene channel to 60 seconds of illumination
(63.2uWm~2). Dashed lines mark 10% and 90% of the change in steady state current

(orange) and a bi-exponential decay fit of the return to dark conditions (pink).

seconds and a photo-conductive gain of G ~ 10° using Equation (2.45)).

Having established the magnitude of photoconductive gain from the rubrene-graphene
phototransistor, the external and internal PGQE remained to be calculated. In order to
assess the internal PGQE, it was necessary to first establish the efficiency of light absorp-
tion in the rubrene crystals used in our devices. Figures and illustrate the two
device structures we considered. Device A is a 405nm-thick rubrene crystal laminated on
an Si0g/Si substrate, whilst Device B is the 202nm-thick crystal laminated on monolayer
graphene/SiO2/Si used in all of the photocurrent measurements discussed so far in this
chapter. The absorbance of the rubrene single crystal in each device was simulated using
the experimentally measured absorption coefficient spectrum of rubrene (shown in Figure
and simulations of the substrate reflections using thin film analysis software (TFCalc,
Software Spectra Inc). A dispersion of the complex refractive index of each constituent
material (rubrene, '3 graphene,14° Si0414% and Si!4”) was selected from published studies
in order to calculate the substrate reflectance of each device. The methodology used in

137 ellipsometry™#? and spectropho-

each of these studies was density functional theory,
tometry o147 Each dispersion was substituted into a matrix formulation of the Fresnel
equations which describe reflectance and transmittance at each thin film interface and the
absorbance of each substrate material#%149 (see Appendix for full details). Semi-infinite

initial and final media of rubrene and Si were assumed respectively, whilst the thickness of

all other layers in the simulation correspond to the annotations in Figures|6.10a and [6.10p.
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Figure 6.10: Simulations of absorbance in rubrene single crystals. Schematics
show the thin film order of the constituent materials in a) rubrene (Device A) and b)
rubrene-graphene (Device B) transistors. ¢) Simulated reflectance spectra of the multilayer
thin-film stack underneath rubrene in Devices A (dashes) and B (solid lines) for incident
light polarised along the a and b axes of rubrene crystals. d) Absorbance spectra of un-
polarised light normal to the ab facet of rubrene crystals in Devices A and B. Spectra are
normalised to the maximum of each data set. e) Schematic detailing the iterative internal

reflections within the rubrene crystals which were considered in absorbance calculations.

Calculated reflectance spectra for light at normal incidence to the substrates of devices A
(dashes) and B (solid lines) are shown in Figure . The birefringent nature of rubrene
single crystals was accounted for by calculating the reflectance of light polarised along the
a (red) and b (blue) crystal axes separately. An average of these spectra was then used to
match the un-polarised light source in our experimental set-up.

The absorbance (A;.;) of the rubrene crystals in Devices A and B were calculated
assuming a satisfactorily high order (n > 4) of internal reflections at the vacuum-rubrene
and rubrene-substrate interfaces (with reflectance of R; and Ry respectively) using the

following series:

Axras = (1= Ry) [1 . e—ad} {1 n i [R1“R2" v Rl(”‘l)RQ"] } (6.3)

n=1
Here, « is the absorption coefficient of rubrene single crystals shown for light polarised
in the ab plane and d is the crystal thickness. Interference effects were not found to

be significant in photocurrent spectra produced by incoherent light sources, hence phase
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terms have been omitted. Using Equation , we plot the absorbance of both rubrene
crystals normalized to their maxima in Figure[6.10d. A diagram of the iterative reflections
considered in Equation is shown in Figure for the sake of clarity. The normalized
spectra follow almost exactly the same profile, indicating that differences in substrate
reflectance between Devices A and B do not cause any notable difference in the spectral

dependence of light absorption in each rubrene crystal.

In Figure [6.11h, the responsivity spectra of three transistors with channels consist-
ing of different material combinations - rubrene (Device A from Figure [6.10R); rubrene-
graphene (Device B from Figure ); and graphene - are compared. All devices were
illuminated under the same optical power density (P ~ 10mWm™2), source-drain voltage
(Vps = 30mV') and gate voltage (Vo = 0V'). Channel dimensions were kept as consistent
as possible amongst all devices (L = 5um, W = 90—100um) with minor variations in chan-
nel width arising due to differences in the size of selected rubrene crystals. The rubrene
transistor was treated with the same Ar plasma used to remove unwanted graphene from
the rubrene-graphene and graphene devices. By keeping these factors consistent, the three
responsivity spectra shown in Figure [6.1Th could be compared in order to elucidate which
materials dominate light absorption relevant to photocurrent signals in rubrene-graphene
interfaces. From Figure [6.11h, the rubrene-graphene transistor exhibits a radically en-
hanced responsivity compared to the two transistors that are each comprised of just one
channel material. The negligible responsivity of the rubrene transistor indicates that the
surface conductivity of rubrene single crystals®® does not significantly contribute towards
photocurrent signals in hybrid devices. Furthermore, the similarly negligible responsivity
of the graphene transistor suggests that photo-excited electrons are not trapped by sur-
face states such as silanol groups in the SiOo substrate or microscopic PMMA residues
on graphene. If this were the case, broadband responsivity of a similar magnitude to the
rubrene-graphene device would be expected from graphene, given that photo-excited elec-
trons be trapped and produce significant photo-conductive gain. Instead, the absence of
this effect suggests that either trap states unique to the rubrene crystal surface or a Schot-
tky barrier at the rubrene-graphene interface are responsible for localizing photo-excited
electrons. Figure displays the responsivity spectra of rubrene and rubrene-graphene
transistors normalized to the maximum of each dataset. This allows the spectral selectiv-
ity of each device to be compared. The two transistors show very similar spectral profiles,
each with a maximum at A = 500nm and cut-off for wavelengths longer than 580nm.
Peaks in responsivity correlate well with the simulated absorbance spectra of the rubrene
crystals in each device (dashed lines). It follows that photocurrent signals in the rubrene-

graphene interface results from the absorption of light in the rubrene single crystal rather
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Figure 6.11: Responsivity spectra of rubrene-graphene phototransistors a) Re-
sponsivity spectra of rubrene, graphene and rubrene-graphene photodetectors with ap-
proximately equal channel dimensions (L = 5um, W = 90 — 100um). Measured data
(dots) is smoothed using adjacent averaging over a 15nm range (solid lines). b) Respon-
sivity spectra of rubrene and rubrene-graphene transistors normalized to the maximum
of each data-set (main figure) and on a logarithmic scale (inset). Dashed lines show the

simulated absorbance of rubrene in each device.

than graphene.

Channel geometry is a significant but extraneous factor that is largely responsible
for dramatic variations in responsivity amongst previously reported graphene-based pho-
totransistors 2ABLB3HY Tndeed, a proportionality of v o< Gnpg o< L™? is expected, given
that G o L™2 whilst npg is independent of channel length. However, large lateral elec-
tric fields and possible exciton quenching effects at metallic source/drain electrodes could
significantly affect the PGQE in shorter channels. To exclude these spurious effects, we
have conducted for the first time a scaling experiment of responsivity as a function of
channel length in Figure In Figure [6.12h, the absolute responsivity measured at
various rubrene-graphene interface segments (‘Device B’) follows an approximately linear
dependence upon L~2. However, the fractional residual of this fit (lower inset) shows data
to deviate from a v o< L™2 dependence by more than the uncertainty of each experimen-

tal reading. In Figure [6.12b, we find that this deviation can be eliminated by instead
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Figure 6.12: Length scaling of responsivity. Upper plots show the magnitude of
photoresponse as a function of the reciprocal of the channel length squared. a) before
and b) after normalizing the responsivity to the voltage drop across each channel and the
mobility of charge carriers. Lower plots show the fractional residual of linear fits to each

dataset (dashed lines).

considering |y| /uVen as the dependent variable. This normalizes the responsivity of each
channel segment to the charge carrier mobility and potential difference across it, both of
which vary due to non-zero contact resistance and variations in the quality of transferred
graphene films over large areas shown in Figures and [6.5(. Following this correction,
a linear proportionality between responsivity and L~2 is evident. This finding validates
our assumption that the active area of a rubrene-graphene phototransistor comprises the
whole interface area contained between source and drain electrodes. Furthermore, Fig-
ure demonstrates that a more meaningful comparison between the responsivity and
EQE of differently shaped graphene-based phototransistors can be achieved by accounting
for the inverse square dependence on channel length, provided the PGQE is independent

of L in each device.

In Figure [6.13h, we test the operational speed limits of a rubrene single crystal-
graphene phototransistor. The blue line plot shows photocurrent generated in a device
with light modulated at a frequency of 0.5H 2z and an applied gate voltage of V5 = 10V,
such that the Fermi level of graphene lies within the conduction band. Over successive
cycles of illumination, the fall time of the phototransistor, set by the lifetime of electrons
localized in rubrene, is too slow to reach steady-state in dark conditions. The red line
plot shows photocurrent generated in the same device but with a negative voltage pulse
of AV = —10V applied to the gate electrode (orange line plot) whenever the light source

is extinguished. The operational speed of the phototransistor is notably faster (red line
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plot) and more stable. Evidently, the negative gate voltage pulse momentarily increases
the recombination rate of photo-excited electrons in rubrene allowing the device to reset
quickly in dark conditions. Rudimentary band diagrams detailing the transfer of photo-
excited charge carriers at each stage of an illumination cycle are illustrated in Figure
[6.13b. Whilst the depicted movement of charge carriers is directly supported by experi-
mental evidence, the degree of band bending shown at the rubrene-graphene interface is
speculative in the absence of further experimental information regarding the density of
surface states within the band gap of rubrene that would determine the exact nature of

any Schottky barrier. 2!

Nevertheless, using this gate voltage pulsing strategy we were
able to extend the operational bandwidth of the rubrene-graphene phototransistor. This
is shown in Figure [6.13c, where device responsivity remains above the —3dB threshold up
to at least 1.5H z. Figure displays the Fourier transform of a 360 second trace of the
dark current flowing across the same rubrene-graphene channel (Vpg = 40mV’) recorded
with a sampling rate of 600us. The noise follows a 1/f dependence typical of graphene at
frequencies below 10kH 2% Given this dependence, the improvement in operational speed
achieved using the gate voltage pulsing strategy is especially advantageous, as it allows
the phototransistor to be operated in a frequency range with a lower noise spectral density
(Sn). Extrapolating from fpy=1.5Hz in Figure , we find S2 =1 x 107164221,
As previously mentioned, the PGQE of the rubrene-graphene phototransistor in-
creases at lower absorbed photon densities. In Figure [6.14] we explore the limit of this
effect by measuring the non-linear power dependence of responsivity with the interface
exposed to ultra-weak light signals (P < 3mWm™2). A maximum of vy = 1 x 107AW !
was reached for the lowest measured optical power densities. This marks the first re-
port of responsivity comparable to the record room-temperature performance of inorganic
semiconductor-graphene phototransistors??=% from an entirely organic equivalent. Anal-

29136138

ogous to previous phototransistor studies, we fit this non-linear power dependence

with the function

_ Ymaz
T (PR o

where Py marks a threshold power density above which the exponent n dictates the rate
of decline in responsivity. Taking a best fit of Equation (blue dashed line), we find
Py~ 1.1pWm~2 and n = 0.70 £ 0.04. Re-arranging the expanded expression for respon-
sivity, v = (enpe/hv) - (u.Vps/L™2), we were then able to calculate the PGQE (blue
data) shown on the right y-axis in Figure The simulated absorbance of the rubrene
crystal, shown in Figure [6.11]b, was then used to calculate the internal photo-gating quan-
tum efficiency as 7;pc = npg/Axru (orange data). For power densities equivalent to sub-

femtowatt signals incident on the device active area, npg =~ 1% and n;pg ~ 5%. This value
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Figure 6.13: Operational speed and 1/f noise. a) Time-dependent response of a
rubrene-graphene channel to a light signal modulated at 0.5Hz (Vpg = 40mV’). Changes
in drain current from the steady-state in dark (dashed lines) are shown both with (red)
and without (blue) the application of a -10V resetting pulse to the back gate. Current
spikes due to gate pulsing are readily removed with filtering circuitry. b) Schematic band
diagrams illustrating the charge transfer dynamics across a rubrene-graphene interface at

each stage of the light modulation cycle.
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of PGQE is four orders of magnitude greater than a previous study that combined amor-
phous films of P3HT"? with graphene and one order of magnitude higher than epitaxially
grown polycrystalline films of Cg-BTBT grown on graphene.®* We attribute the superior
PGQE in rubrene-graphene interfaces to a combination of two factors. Firstly, a rubrene
single crystal should, in principle, serve as an ideal light-absorbing layer in graphene pho-
totransistors due to the extremely low density of charge traps in the bulk of the crystal®l
and the significant inter-molecular overlap of m-orbitals which facilitates Dexter-type dif-

TBB3152 Ty comparison to other organic

fusion of triplet excitons over several microns.
semiconductors where molecular ordering is less optimal, a far larger number of excitons
should therefore able to diffuse to the graphene interface and dissociate. Secondly, this is
the first study to examine the PGQE of organic semiconductor-graphene phototransistors
at extremely low absorbed photon densities where bimolecular recombination and triplet-
triplet fusion are not significant loss mechanisms®3 We suspect that previous groups did
not report the photo-response of organic semiconductor-graphene phototransistors in this
regime because of the electrical noise floor set by either measurement apparatus or in-
appropriate design of device geometry. Using the noise spectral density determined from
Figure , we calculated a minimum resolvable photocurrent of I, = S,v/An = 10nA
for a light modulation frequency of fpyw = 1.5Hz and a noise bandwidth of Af = 1Hz.
We then numerically solved Equation to determine the noise equivalent power den-
sity and responsivity at the noise floor of the rubrene-graphene phototransistor. Values of
NEP/WL = (50424)x10"Wm~2 and yypp = I,/NEP = (4.3£2.1) x 105 AW ~! were
found respectively. Finally, for an active area of 91um x 5um, we calculated a maximum
specific detectivity of D* = /A - Af/NEP = (9.2 £4.5) x 10" emH 2'/2W 1 (Jones) un-
der practical measurements conditions (i.e. without averaging photocurrent signals over
multiple modulation cycles). This falls within the range of specific detectivity offered by

commercially available silicon photodiodes.
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Figure 6.14: PGQE and Specific Detectivity. Vpg = 40mV and Vi = 0V. a)
Absolute responsivity as a function of incident optical power (blue points, left y-axis)
determined from the averaged response of a 5um rubrene-graphene channel to 20 illumi-
nation cycles. External (blue points, right y-axis) and internal (orange points, right y-axis)
photo-gating quantum efficiencies are calculated from the same data-set. b) The power-
dependence of specific detectivity calculated from the same data-set. Dashes indicate the

noise floor of the device for Af = 1Hz and fpw = 1.5Hz.

Comparative study of graphene-based phototransistors

From analysis of the photocurrent measurements shown above, we have reported a multi-
tude of figures of merit for the rubrene-graphene phototransistor examined in this chapter.
These include responsivity, specific detectivity, operational bandwidth, photo-conductive
gain, EQE, external PGQE and internal PGQE. All of these values are compiled in
Table with any power-dependent terms stated at the noise spectral power density,
P = NEP/WL. To the best of our knowledge, this represents the most comprehensive
characterisation of a graphene-based phototransistor reported to date. Following this, it is
essential that the performance of this device be assessed relative to that of phototransistors
comprised of alternative photo-active layers using the most appropriate figures of merit.
A common procedure used in comparative studies of phototransistors or photoconductors
is to plot the specific detectivity of each device as a function of operational bandwidth.
Applying this to graphene-based phototransistors, the most appropriate semiconductor-
graphene phototransistor for a particular application should display the highest specific
detectivity of any device that meets the desired spectral range and operational bandwidth.
Unfortunately, as shown in Table only a small fraction of relevant studied?2B2H40H2 o

29,40

port values of D* and even fewer provide data to support the value of noise-equivalent

power used in calculations. The operational bandwidth is also rarely explicitly stated?”
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Operational Noise Equivalent External Quantum
Responsivity
Bandwidth Power Efficiency
few (Hz) NEP (W) 7 (A/W) meqe (%)
1.5 (234 1.1) x 1075 | (4.342.1) x 10° (1.14+0.5) x 10°
Specific Photo-conductive External Internal
Detectivity Gain PGQE PGQE
D* (Jones) G nec (%) niec (%)
(9.2 4+ 4.5) x 101 (2.6 +0.3) x 10° (0.42 +0.25)% (2.3+1.49)%

Table 6.1: Compiled figures of merit for the rubrene-graphene phototransistor
reported in this chapter. Power-dependent terms are stated at the device noise limit,

where P = NEP/W L and the noise bandwidth is Af = 1Hz).

and has been known to change with incident optical power®® and substrate material ®3 In
the absence of this information we use responsivity, the most commonly reported figure of
merit, to form a more substantive comparison between our device and a variety of other
light-absorbing layers used in graphene-based phototransistors.

Figure plots responsivity as a function of incident optical power for all relevant
phototransistor studies with the excitation wavelength used indicated on a colour bar
scale. Although we have recorded the highest responsivity for any organic semiconductor-
graphene phototransistor, it is difficult to gain accurate insight as to the relative perfor-
mance of each light-absorbing material. A very wide distribution of responsivity exists

2939 or even between multiple

between studies which use the same material combinations,
devices measured in the same study.?® The primary reason for this is the dependence of
responsivity on extraneous parameters such as channel length, applied source-drain volt-
age and charge carrier mobility in graphene. All of these terms vary significantly amongst
studies and influence the magnitude of photo-conductive gain rather than the intrinsic
efficiency of each material interface. As a result, we have endeavoured to find a figure of
merit that corrects for variations in these extraneous parameters amongst different devices

and which may be calculated with variables that are provided in the majority of relevant

studies. The term which we have come up with is a ‘specific EQE’, 0y p.

. hv  L?
NEQE =7~ o : WV

(6.5)

Or, alternatively, n*EQ 5 = npaTr- This is simply the external quantum efficiency of a pho-
totransistor normalized to the dependence of photo-conductive gain upon Vpg, L and pu.

The specific EQE is independent of photo-active area, channel geometry and charge carrier
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Photo-active Evidence
Ref Adex (nm) | fgw (Hz) | D* (Jones) | P (Wm™2)
material of NEP?

Poly-crystalli
32 yrerystatine 520 - 4.5 x 1010 - no
[32]

pentacene

Methylammonium lead
[42] 532 ~ 100 1x10° 20 1o

halide perovskite

Colloidal PbS
[29] 532 ~ 102 7 x 1013 1x10°6 yes
quantum dots

GaSe nanosheets
[40] 532 ~ 102 1.1 x 10 57 yes

) Rubrene single
This work 500 ~ 10° 9 x 10! 5x 1076 yes

crystal

Table 6.2: Specific Detectivity of graphene-based phototransistors. Values of
D* are compared for graphene-based phototransistors which use various light absorbing
layers. The optical power density and operational bandwidth associated with each value

is provided where possible.

lifetime. As a result, we propose that n*EQ p can be used as a substitute for specific detec-
tivity to indicate the optimum material combination amongst multiple phototransistors

which meet the spectral range and operational speed required for a particular application.

Figure displays the specific EQE of all reported graphene-based phototransis-
tors as a function of incident photon flux. Clearly, the use of 1), ; rather than ~y as a figure
of merit significantly reduces the variation amongst different reported devices for a fixed
light intensity. We find that phototransistors which exhibit record responsivity values in
Figure 29’38 have largely been influenced by the use of optimal channel geometries
rather than the choice of photo-active material, with 73,y of these devices well within
the range of most other studies in Figure [6.15pb. Similarly, a seven order of magnitude
disparity in responsivity between P3HT-graphene phototransistors®® which use exfoliated
graphene flakes on hexagonal boron nitride and others which use CVD graphene on SiO»
is found to originate almost entirely from extraneous variations in photo-conductive gain.
Much of the variation between phototransistor devices that remains once 77*EQ g isused as a
figure of merit is likely to derive from differences in the absorbance of each semiconductor
layer. This is exemplified by the data relating to phototransistors which use chlorophyl-a3
and Cg-BTBT"* as light-absorbing materials. In these cases, an increase in the semicon-
ductor layer thickness of just 10mnm results in a 1 — 3 order of magnitude enhancement
in n’fEQ g with further increases in thickness producing diminishing returns. The thickness

and absorption coefficient of the photo-active layer has not been quantified in most of

98



6.3. RESULTS

a 10'% 900 b 10° 900
i NEP/(WLhvV, i _NEP/(WLhv,
| NEP/(WLhY) o /(WLhv)
! ¥ 118
108] 800 104 800
i 4 %
- 10 4 ' =
h £
—~ 106 700 E : 700 €
: SR =
S 4 © w103 g
Fn o * . 2
= 104 Fe00 28 : 600 2
c g = H g
§ ] O Rubrene single crystal g 10_4-0 Rubrene single crystal g
QL [> Pbs QDs [29] 2 P> Pbs QDs [29] 2
102 ] @ PbsQDs [35] - 500 = @ Pbs QDs [35] - 500 5
XX Mos, [38] =z 10 2] % Mos, 38] &
- ¥ P3HT [33] Y P3HT[33]
0 WV ZnOQDs [36] W ZnOQDs [36]
10% 4 <{ Chlorophy! - a [43] 400 10-6_ < Chlorophy! - a [43] 400
)3 Ru polypyridine complex [44] g 23{ Ru polypyridine complex [44]
T O GaSe nanosheets [40] © GaSe nanosheets [40]
1.04, W 2.8, Y45 layer Co-BTBT [34] 1.04, W 2.8, Y 4.5 layer Cg-BTBT [34
107 1.2 '.14 * 16y '818 020 e 7j@ e .*. Byer Cg SRR 300
10" 10 10" 10'®  10%° 10 10'2 10" 10" 10" 1020 10%2
Incident Photon Flux (m=2s™1) Incident Photon Flux (m 2s™")

Figure 6.15: Comparative study of graphene-based phototransistors Plots of a)
the responsivity and b) the ‘specific EQE’ of various graphene-semiconductor interfaces
as a function of incident photon flux. Solid lines connect data taken from a single device,
marker colours denote the excitation wavelength, pink regions highlight data from and the
dashed line indicates the noise floor of the rubrene-graphene phototransistor at fpy =
1.5Hz and Af = 1Hz. Legends list the light-absorbing material in each device (see
Appendix [B| for supporting data.?*
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the studies in Figure [6.15pb, so we are unable to further modify our figure of merit to
account for these effects. Focusing once more on the rubrene-graphene phototransistor,
the sub-linear power dependence of N, extends to extremely low optical powers that
are far beyond the limits at which other organic semiconductor-graphene phototransistors
plateau at a maximum. The most common explanation for the sub-linear dynamic range
of graphene-based phototransistors is that photo-excited free charge carriers localised to
the semiconductor occupy the longest-lived deep level trap states in the semiconductor
layer. At higher light intensities, all of the deep level trap states become filled and the
remaining photo-excited charge carriers instead occupy shorter-lived shallow states lead-
ing to a reduction in the average carrier lifetime, 77,. Hence, both ~ and n*EQ p decline
with increasing optical power. Assuming this to be true in the case of rubrene-graphene
interfaces, the density of long-lived trap states in rubrene available for photo-gating pro-
cesses can be estimated as N, = n;paT,Py/hv = 5 X 108¢m™2. Even if graphene screens
an overwhelming proportion of the traps otherwise present at the rubrene-SiOs interface
(~ 102em=2) 12U we suspect that our estimate of IV; is too low to be physically plausible.
Alternatively, we note that several a sub-linear dynamic range of photo-response at the
surface of rubrene single crystals has previously been attributed to the onset of multi-
particle recombination at increased photo-excited charge carrier densities®¥ In particular,
a transition from vy o PY to v o< P~2/3 due to triplet-charge quenching corresponds well
with our fit to Equation . The onset of these interactions occurs at higher absorbed
photon densities (> 10%c¢m™3s71) in isolated crystals but we suspect that a lower thresh-
old in our device (see Figure ) could be explained by the additional population of

free charge carriers at the crystal surface from physical contact with graphene.

Future research directions

Following on from the conclusions made in this investigation of rubrene single crystal-
graphene interfaces and comparative study of graphene-based phototransistors, we have
identified several promising directions for future research. Firstly, there is a clear need
to eliminate sources of electrical noise in graphene. This can be achieved by integrating
high quality single crystal CVD graphene films'® and metallic electrodes that connect to

154 into existing device structures. Secondly,

graphene via one-dimensional side contacts
methods should be developed to tailor the density and type of charge traps at the interface
between rubrene single crystals and graphene. A deeper understanding of existing surface
trap states could be gained through temperature dependent measurement of photocurrent

transients, similar to methods used on quantum dot photoconductors12? Once identified,

procedures could then be developed to eliminate states which trap charge carriers for
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longer than 1 — 100ms, thereby allowing operational bandwidths more appropriate for
video imaging applications to be accessed where the noise spectral density is also lower.

We have already developed such a technique in a similar studyl4l

concerning few-layer
WSs-graphene phototransistors, where an inverted device structure and ionic polymer top
gate were used to screen long lived traps and detect light at modulation frequencies up
to 1.5kHz. Finally, efforts should be made to minimise multi-particle recombination in
rubrene at low absorbed photon densities in order to extend the high PGQE and specific
detectivity we report to higher absorbed photon densities. If triplet-charge quenching and
Forster resonance energy transfer are indeed enhanced by direct contact of graphene with
the rubrene crystal surface, an interface buffer layer could be introduced in an attempt to
prevent these effects 129 If some of these efforts prove successful, it is reasonable to expect
that the specific detectivity of rubrene single crystal-graphene phototransistors could be

improved by 1-2 orders of magnitude (D* = 10314 AW 1), approaching that of single

photon detectors.

6.4 Conclusions

In conclusion, interfaces of monolayer graphene and rubrene single crystals are promising
systems for ultra-sensitive detection of visible light. Effective transfer of photo-generated
charges to graphene with an external and internal efficiency of 1% and 5% respectively.
Utilising these interfaces as phototransistors, responsivity as high as 107AW ! can be
achieved for sub-femtowatt incident optical signals, comparable to the record performance
of graphene-quantum dot detectors. Finally, we emphasise the importance of distinguish-
ing between the contributions of internal gain, photo-gating quantum efficiency and carrier
lifetime towards the responsivity of phototransistors. Following this procedure, accurate
conclusions can be made as to which combination of materials warrant further research
and how to continue improving the performance of this novel class of high-gain, micro-scale

photodetectors.
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SUMMARY

The aim of this thesis was to investigate how the optical and electronic properties of
graphene could be modified to enhance its use in optoelectronic devices. Throughout
the previous three chapters, we have presented several examples which show that the
electrical and optical properties of graphene can indeed be modified to suit specific device
applications.

We demonstrated a first example of this in Chapter [ where we developed the first
method of intercalating large area few-layer graphene with FeCls. We then implemented
these films as transparent electrodes in alternating current electroluminescent devices and
polymer light emitting diodes. An analysis of the spatial variation in doping across these
films has revealed that measures must be taken in future projects to control the density
of grains across CVD few-layer graphene films and to initiate diffusion of FeCls into the
base bilayer film.

A second example of modifying graphene’s properties was presented in Chapter [f] In
this study, we found that photo-responsive p-p’ junctions could be arbitrarily written into
FeCls-intercalated few-layer graphene by means of optical lithography. These junctions
were found to produce photocurrent signals which exhibited a linear dynamic range of
44dB. This is well suited to radiometry applications in comparison to pristine graphene
photodetectors. From theoretical estimates, we concluded that the cooling of hot charge
carriers is accelerated in both the p and p’ regions. As future work, an extended experiment
to better understand the cooling of hot carriers was proposed, whereby an ionic polymer
gate could be used to reversibly engineer the p-p’ junctions.

In Chapter [6] we provided a third and final example of modifying graphene’s optoelec-
tronic properties, where the photo-response of a graphene transistor to weak light signals
was enhanced by creating a charge transfer interface with a rubrene single crystal. We
found that responsivity and detectivity as high as 107AW ! and 9 x 10" emW 1 Hz~1/2
could be achieved at the limit of the noise-equivalent power. Important implications for

future research of these devices came from a comparative study of graphene phototransis-
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tors. This showed that the majority of variations in responsivity amongst reported devices
stems from extraneous variations in channel geometry and measurement conditions. In fu-
ture it is likely that a new consensus is needed as to how these amplified imaging detectors

should be reported.
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A

REFLECTANCE SIMULATIONS OF MULTILAYER

THIN FILM SUBSTRATES

The Fresnel equations for light at normal incidence (6 = 0°) to a sharp material interface
describe the reflectance (R 2) and transmittance (71 2) of light propagating from medium

1 into medium 2 as a function of the complex refractive index, n = ng. + ix of each

material 127 ,
ny — N2 2
Rio = = Al
1,2 [ﬁl n ﬁJ 71,2 (A1)
4nying n2 2
Tip= 2 _ T2y, (A.2)

n1+ne N
Where 71 2/t 2 are the ratios between the complex electric field amplitudes of reflected/-
transmitted waves and that of the incident wave. If we consider light rays directed upon
both sides of a sharp interface, the following relations can be deduced from conservation
of energy 145149

0,
Un41 = vpe’ ntn,n—i-l + Wp4+1Tn+1,n (A3)

wye O = Wnt1tnt+1n + Unei5"7‘n’n+1 (A.4)
where § = k,z,, 2, is the thickness of layer n and the wavevector of light propagating
in medium n relates to the complex refractive index by ky, = 277/ Ayac. Avac is the light
source wavelength in vacuum. The amplitude of forward rays are denoted as v, whereas
the amplitude of backward propagating waves are denoted as w (see Figure . From
equations (All) and 2), Tnntl = —Tntin a0d tpni1/Tnnt1 = tngin/Tntin. Re-
arranging equations 3) and 4), a matrix formalism can be constructed to express
the amplitude of forward propagating (vy,)/backward propagating (wy) rays immediately
after/before crossing the interface between layers n and n — 1 with respect to equivalent

terms (vp+1 and wy41) concerning the neighbouring interface between layers n and n + 1:

(o) = () A9
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APPENDIX A. REFLECTANCE SIMULATIONS OF MULTILAYER THIN FILM
SUBSTRATES

N-1 1 VN =t 1 Wn1=0 IZN—1:°°
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Figure A.1: [Calculating multiple reflections from a thin-film stackA diagram of
the amplitude of forwards v and backwards w propagating light rays in a multi-layer thin

film system consisting of N — 1 layers.

where

e~ Wn 1 Tnn+1 1

‘ (A.6)
0 e ) \rpnyn 1 tnnt

Hence, by applying Equation 5) to every interface in a multilayer stack of N — 2
layers sandwiched between two semi-infinite media (see Figure [A.1)), relations describing

the total reflected (r) and transmitted (¢) fractions of the incident electric field amplitude.

—ido N—2
vo e 0 1 701\ 1 UN_1

_ — ] M. AT
<w0> %0 < ) (A7)

0 e 70,1 1 t071 n—1 WN-1

()-4()

- M, M, 1 r 1
N ~00 ~01 01| 1
Mg My roq 1

where

N-2
1T M. (A.9)
tO,l n=1

Finally, the electric field amplitudes of light waves reflected from and transmitted through

the multilayer thin film structure are found from Equations (A]8) and (A]9).

1

t = —
Moo

(A.10)
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r= =2 (A.11)
Mo

Using thin film analysis software (TFCalc, Software Spectra Inc) we used Equations (A}11)
and 1) to simulate the reflectance of multilayer thin film stacks in the substrates of

rubrene and rubrene-graphene transistors.
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Chap 6 Ref [29]

Photo-active material

Type of graphene

[Konstantatos et al, Nat. Nano, 7 (2012)

Colloidal PbS QDs

Mechanically exfoliated monolayer flake

Sample Name

Responsivity (A/W)

Power (Wm-2)

Vs (V)

L (m)

Mobility (cm2V-1s-1)

Photon Energy (V)

PG TL(s)

Main text device

5.00E+07

8.00E-04

5

1L.00OE-05

LOOE+03

2.33053

[info source]

Fig. 3¢

Fig. 3¢ & Fig. 1b

Fig. 3 caption

main text, page 5

main text, page 5

Fig. 3 caption

Chap 6 Ref [35]

Photo-active material

Type of graphene

[Sun et. al, Adv. Mat. 24 (2012)]

PbS QDs

CVD-grown monolayer film

Sample Name Responsivity (A/W) Power (Wm-2) Vs (V) L (m) Mobility (cm?V~'s™') | Photon Energy (eV) | npa(s)
Main text device LOOE+06 LOOE-04 05 LOOE-04 LOOE+03 1.3853 E01
[info source] [Fig. 2¢ Fig. 2] [Fig. 2¢] [methods] main text, page 2 Fig. 2 caption]

Chap 6 Ref [36]

Photo-active material

Type of graphene

[Guo et al, Swmall, 9 (2012) 700 QDs Mechanically exfoliated monolayer flake
Sample Name Responsivity (A/W) Power (Wm-2) Vs (V) L (m) Mobility (cm?V~'s™') | Photon Energy (eV) | npai(s)
Main text device L20E+04 LODE-01 1.00E-03 LOOE-05 3.00E+03 38149 L53E-02
[info source] [Fig. 4 [Fig. 4] [main text, page 4] | [main text, page 4] [main text, page 4] | [Fig. 2d &amp; methods]

Chap 6 Ref [37]

Photo-active material

Type of graphene

[Cheng ct. AL Sci. Rep, 3 (2013)]

Graphite QDs

CVD-grown monolayer film

Sample Name

Responsivity(A/W)

Power (Wm-2)

Vs (V)

L (m)

Mobility (cm?V-'s!)

Photon Energy (eV)

npGTL(s)

Main text device L0E+07 1.03E+04 LOOE-+00 8.00E-06 1.20E+03 3.8149 3.26E-02
[info source] [Fig. 3b; Fig. 3b], main text pd [Fig. 3b] [methods] [main text, page 4] methods]

Chap 6 Ref [38]

Photo-active material

Type of graphene

[Roy et al, Nat. Nano, 8 (2013)]

Mechanically exfoliated 5 layer MoS2

Mechanically exfoliated monolayer flake

Sample Name

Responsivity(A/W)

Power (Wm-2)

Vs (V)

L (m)

Mobility (em?V~'s

)

Photon Energy (eV)

npGTL(s)

Main text device

5.00E+08

6.40E-03

0.1

L15E-06

1.00E+04

1.95251

1.20E-02

[info source]

[Fig. 2c inset (T=300K)]

main text, page 2
;

main text, page 2|
pag

[gain calc in main text]

main text, page 3|
;

[Fig. 2c caption]

Chap 6 Ref [40]

Photo-active material

Type of graphene

[Lu et al, Sci. Rep, 6 (2016)

GaSe Nanosheets

CVD-grown monolayer film

Sample Name Responsivity(A/W) Power (Wm-2) Vs (V) L (m) Mobility (cm?V~'s Photon Energy (eV) | npe(s)
Main text device 3.50E+05 5.70E-02 10 5.00E-06 3.20E+02 2.33 6.37E-04
[info source] [Fig. 5b, main text pj Fig. 5b, main text p5] | [Fig. 3b caption) [methods] [main text, page 4] [methods]

Chap 6 Ref [43] Photo-active material Type of graphene

Chen et. al.,Carbon 63 (2013) Chlorophyl-a Mech. exf monolayer

Sample Name Responsivity (A/W) Power (Wm?) Vs (V) L (m) Mobility (cm?V~'s Photon Energy (eV) | nperw(s)
Sample A L10E+06 1.40E-03 0.1 1.20E-05 1.58E+03 L82E+00 L82E-02
[Information source] [Fig.3¢ Fig. 3¢] [Supp. Info. S1] [Supp. Info. S1] [Supp. Info. Fig. S3] 2 caption]

Sample C L30E+06 LODE-03 0.1 1.20E-05 2256403 L82E+00 L51E-02
[Information source] [Fig. 4b) Fig. 4b] [Supp. Tnfo. S1] [Supp. Tnfo. S1] [Supp. Tnfo. Fig. $3] Fig. 2 caption]

Sample D LOOE+03 0.2 0.1 1.20E-05 2.30E+03 182E+00 L14E-05
[Information source] Fig. 4b] Fig. 4b] [Supp. Tnfo. S1] [Supp. Info. S1] [Supp. Info. Fig. S3] Fig. 2 caption]

Chap 6 Ref [44]

Photo-active material

Type of graphene

[Lui et. al. Small 18 (2014)]

Ruthenium Organo-mettalic Complex

CVD-grown monolayer film

Sample Name

Responsivity (A/W)

Power (Wm~?)

Vs (V)

L (m)

Mobility (cm?V~!

Photon Energy (cV)

neaL(s)

Main text device

1.00E+05

3.00E+00

1

2.50E-05

3.20E+03

2.76E+00

5.38E-04

[info source]

[Fig. 4b]

Fig. 4b]

[Fig. 4 caption]

[Main text, page 4]

[Main text, p4]

Fig. 4 caption]

Chap 6 Ref [33]

Photo-active material

Type of graphene

Huisman et. al. ACS App. Mat. & Int, 7 (2015

Amorphous P3HT

Monolayer CVD films (I & II) & mech. Exf. flakes on hBN (BN12 & BN23)

Sample Name Responsivity (A/W) Power (Wm™) Vs (V) L (m) Mobility (cm?V~! PhotonEnergy (eV) | par(s)
Device T 1.10E-01 9.70E+00 0.2 1.00E-03 1.54E+03 2.47968 8.86E-06
[info source] [Table 1] [Table 1] Table 1 [Table 1] [Table 1] Table 1]

Device II 0.16 9.70E-+00 0.2 L.OOE-03 1.50E+03 7968 1.25E-05

[info source]

[Table 1]

[Table 1]

Table 1]

[Table 1]

[Table 1]

[Table 1]

BN12 8.40E+04 9.7 02 3.00E-06 2.56E+04 247968 3.88E-06
[info source] [Table 2] [Table 2] Table 2; [Table 2] [Table 2] Table 2]
BN23 1.74E+05 9.7 0.2 1.46E-06 1.65E-+04 247968 2.79E-06

[info source]

[Table 2]

[Table 2]

Table 2

[Table 2]

[Table 2]

Table 2]

Chap 6 Ref [34]

Photo-active material

Type of graphene

Lui et. al. Adv. Mater. 28 (2015)

Epiataxially grown C8-BTBT

Mechanically exfoliated

1 monolayer flake

Sample Name Responsivity (A/W) Power (Wm2) Vs (V) L (m) Mobility (cm?V~! PhotonEnergy (¢V) | npame(s)
1.04 Layers 143E+03 1.5069 0.1 7.2E-06 5.00E+03 3.49 1.60E-05
[info source] [Table 1] [Table 1] Table 1 [Table 1] [Table 1] Table 1]
2.8 Layers 4.35E+04 3.48E-01 0.1 7.20E-06 5.00E+03 3.49 L5TE-04
[info source] [Table 1] [Table 1] Table 1 [Table 1] [Table 1] [Table 1]
1.5 Layers 1.65E+05 1.07E-01 0.1 7.20E-06 5.00E+03 3.49 5.98E-04
[info source] [Table 2] [Table 2] Table 2] [Table 2] [Table 2] Table 2]

Table B.1:

Compiled data from a comparative study of graphene phototran-

sistors. This data was compiled in order to compare the specific EQE of each device in

chapter 6. To the best of our knowledge, we have included every scientific report which

clearly specifies all parameters required to calculate n*EQ B
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