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ed graphene–silicon Schottky
junction solar cells

Lachlan J. Larsen, Cameron J. Shearer, Amanda V. Ellis and Joseph G. Shapter*

Here, surfactant-assisted exfoliated graphene (SAEG) has been used to make transparent conducting

graphene films which for the first time were used to make SAEG–silicon Schottky junctions for

photovoltaics. The graphene films were characterised using UV-Vis spectroscopy, Raman spectroscopy,

atomic force microscopy and four point probe sheet resistance measurements. The effects of film

thickness, thermal annealing and chemical doping of the graphene films on the power conversion

efficiency (PCE) of the cells were investigated. Mild annealing of thickness optimised films resulted in a

doubling of the PCE. Additionally, chemical doping resulted in a further 300% increase of the peak PCE.

These results indicate that SAEG has the potential to compete with chemical vapour deposited graphene

in graphene–silicon Schottky junction applications.
Introduction

In the last decade nanocarbon–silicon heterojunctions have
been investigated for their photovoltaic properties, specically
carbon nanotube–silicon (CNT–Si)1 and graphene–silicon
(G–Si).2 Wei et al.3 were the rst to report a CNT–Si hetero-
junction in 2007. They used chemical vapour deposition (CVD)
to grow a double-walled carbon nanotube lm, aer which the
lm was suspended in distilled water and picked up on a pre-
patterned n-type silicon substrate to create a p(CNT)–n(Si)
junction. Their work has been expanded on by numerous
researchers using a myriad of different nanotubes,4,5 architec-
tures6,7 and dopants.8,9 The mechanism by which these CNT–Si
heterojunctions function, whether they are Schottky or p–n
junctions, is currently under debate, however, it is clear that the
CNTs have a twofold role in these architectures. Importantly,
the CNTs act as transparent conducting electrodes, transporting
holes. However, these holes are generated as a result of charge
separation at the CNT–Si interface, in which the CNTs are an
active layer.

Graphene in G–Si heterojunctions also has a two-fold role,
similar to CNTs, although it is widely accepted that these het-
erojunctions are purely Schottky in nature.2 While a detailed
description has been previously reported,10 in brief, when
semiconducting n-type silicon is in contact with metallic gra-
phene a Schottky junction is formed. Upon illumination elec-
tron–hole pairs are photoexcited in the silicon and separated
due to the built in potential at the interface. The graphene layer
acts as a transparent conductive electrode transporting holes
d Technology, School of Chemical and
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from the Si. The rst report on G–Si heterojunctions was pub-
lished by Li et al.,10 who used CVD graphene with n-type silicon
to produce Schottky junctions with power conversion efficien-
cies (PCE) of up to 1.3% under AM1.5 illumination. These cells
showed good stability, retaining their performance over a two
month period.

Since the seminal work of Li et al.,10 there have been a
number of advancesmade to the PCE of G–Si Schottky junctions.
These include changing the silicon at the interface from planar
to nanowire or nanohole arrays11–13 as well as changing the
number of layers of CVD graphene present.14–16 However, the
majority of research has focused on chemical doping methods.17

The rst to report doping of G–Si Schottky junctions in a
photovoltaic application were Fan et al.11 who used thionyl
chloride (SOCl2) to dope G–Si nanowire Schottky junctions. The
SOCl2 doping increased the PCE from 0.68% to 2.86% aer
increases to the short circuit current density (JSC), open circuit
voltage (VOC) and ll factor (FF) of the cells.11 Interestingly, while
the VOC remained stable aer doping, the JSC and FF decreased
over a period of two weeks before plateauing at a stable PCE of
�1.2%. Following this result, a number of different dopants
have been investigated including nitric acid,13,16,18,19 poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS),18

bis(triuoromethanesulfonyl)amide,20 and gold chloride.19

Chemical doping methods have also recently been combined
with colloidal antireection layers21,22 with a recent record PCE
of 15.6% set by Song et al.22 These examples highlight the
interest in G–Si Schottky junctions but are limited in their scale
up potential due to the use of graphene produced by CVD, which
is both expensive and difficult to synthesise in large quantities.
These properties of the CVD process limit its use in the indus-
trial setting and cast doubt on whether such approaches could
be used to economically produce commercial solar cells.
RSC Adv., 2015, 5, 38851–38858 | 38851
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Fig. 1 Cutaway schematic of the G–Si Schottky junction architecture
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The most common procedure to produce single layer gra-
phene in large quantities is the oxidation and sonochemical
exfoliation of graphite into graphene oxide (GO) by themodied
Hummers method.23,24 Oxidation is essential in order to facili-
tate exfoliation but severely disrupts sp2 hybridisation and
subsequently reduces conductivity and mechanical stability.
Thermal or chemical reduction (to produce rGO) is not capable
of sufficiently repairing the damage of oxidation. GO/rGO–Si
Schottky junction solar cells have been investigated by a
number of groups with PCE values from 0.02–0.3% repor-
ted.25–28 The fabricated cells typically display low short circuit
current density and poor ll-factors which result from poor hole
mobility in the GO (or rGO) layer.

In order to produce large quantities of graphene without
prior oxidation Blake et al.29 and Hernandez et al.30 developed a
method of top-down graphene production using solvent-
assisted exfoliation of bulk graphite to produce graphene
without the need for CVD and in higher yield than mechanical
scotch tape exfoliation, rst used in the isolation of gra-
phene.31,32 This solvent-assisted exfoliation method was
expanded upon by numerous research groups in order to
increase the concentration and quality of the graphene akes
produced. This was achieved through the investigation of
numerous types of organic solvents,33–35 ultrasonication times36

and introducing ltration and ltrate re-suspension.37 While
these methods succeeded in producing single- and few-layer
graphene dispersions, they were limited in their application
due to the presence of difficult to process organic solvents,
which are typically toxic, have a high boiling point or both.

In order to mitigate the use of organic solvents Lotya et al.38

reported amethod for the liquid phase exfoliation of graphite in
the absence of organic solvents. Using the common ionic
surfactant sodium dodecylbenzene sulfonate (SDBS) they
produced graphene dispersions at a concentration of up to 0.05
mg mL�1. Although a number of different studies have been
conducted using ionic surfactant-assisted exfoliation, for
example,39,40 Guardia et al.41 showed that non-ionic surfactants
outperformed ionic surfactants in making high concentration
graphene dispersions when the surfactant concentrations were
not optimised. Indeed, using the non-ionic surfactants Tween-
80 and P-123 graphene concentrations of 0.5–1 mg mL�1 were
achieved. Solution and surfactant-assisted exfoliation of gra-
phene have the advantage over oxidation-assisted exfoliation,
used to prepare graphene oxide, in that the basal planes of
graphene remain pristine and thus retain their intrinsic
mechanical and electrical properties.30

Recently, work has been directed towards using liquid phase
exfoliated graphene and similar 2D materials in inkjet printers
for numerous electronic devices.42,43 Despite the existence of a
simple method for few-layer graphene production and hence
the ability to produce easily transferrable transparent, con-
ducting graphene lms, to the best of the authors' knowledge,
surfactant-assisted exfoliated graphene has thus far not been
investigated in G–Si Schottky junctions for photovoltaics. Here,
we present a method for producing G–Si Schottky junctions
from surfactant-assisted exfoliated graphene and investigate
38852 | RSC Adv., 2015, 5, 38851–38858
the effects of both lm thickness and chemical doping on the
photovoltaic properties of the heterojunctions.
Experimental methods
Graphene lm fabrication

Flake graphite (+100 mesh, Sigma Aldrich, Australia) was
ultrasonicated (Elmasonic ElmaS30H, 80 W) in an aqueous
Tween-60 solution (1% v/v, Sigma Aldrich, Australia) at a
concentration of 0.1 g mL�1 for 2 h. Ultrasonication was halted
every 15 min and the sample stirred with a magnetic stirrer to
improve dispersion. The black dispersion was then centrifuged
at 1400 rcf (3200 rpm) for 10 min and the supernatant removed
via pipette.

Graphene lms with an area of 0.18 cm2 were prepared for
device fabrication while an area of 0.50 cm2 was used for all
other measurements. To form graphene lms, the supernatant
was ltered through mixed cellulose ester (MCE) membranes
(0.45 mm, HAWP, Millipore, USA). The UV-Vis transmittance at
550 nm of the resultant graphene lms can be controlled by
varying the volume of graphene dispersion (mL) ltered per unit
area of the nal lm (cm�2). The amount of supernatant used to
produce each lm was such that transmittances of 13% T to
76% T were produced for each purpose (sheet resistance
measurements or solar cells etc.). These lms were then rinsed
thoroughly with deionised water before their application.
Solar cell fabrication

See Fig. 1 for a cutaway schematic of the nal cell architecture.
Phosphorous doped n-type silicon wafers (CZ, 1–20 U cm, h100i,
ABC GmbH, Germany), polished on one side and with a 100 nm
thermal oxide layer were used for device fabrication. UV
lithography was used to dene circular holes (area of 0.08 cm2)
in the sputtered front metal contacts (Ti/Au 5 nm/145 nm)
which were then used as a mask for buffered oxide etching
(BOE) (6 : 1 40% NH4F : 49% HF) of the oxide layer. Graphene
lms were then deposited by placing the circular graphene–
MCEmembranes graphene side down over the etched hole. The
membranes were then wetted with deionised water and a Teon
sheet placed on top of the membrane. The assembly was then
compressed with a glass slide and baked at 80 �C for 15 min.
The assembly was then allowed to cool and subsequently
immersed in acetone to dissolve the MCE, leaving a tightly
physisorbed graphene membrane on the silicon/gold substrate.
The oxide layer on the back of the silicon was then etched using
used.

This journal is © The Royal Society of Chemistry 2015
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BOE and an electrical contact was made between the silicon and
a stainless steel back electrode using eutectic gallium indium
(eGaIn, Sigma-Aldrich, Australia), consistent with the work of
Tune et al. in their CNT–Si heterojunction cells.1,5–7
Doping of solar cells

Cells were doped with nitric acid (70%, Sigma-Aldrich, Aus-
tralia) by exposing them to concentrated nitric acid vapour for
2 min. Alternatively, cells were doped with gold chloride (99%,
Aldrich, Australia) by dynamic spin coating (30 s at 3000 rpm) of
AuCl3 dissolved in ethyl ether (10 mM).
Characterisation

UV-Visible spectra of graphene lms on glass slides (deposited
analogously to the previously described lm deposition on
silicon) were taken with a resolution of 1 nm using a Varian Cary
50G spectrophotometer. Raman spectra were collected with a
WITec alpha300R microscope using a 40� objective (NA 0.9)
and a 532 nm laser operating at constant power for each spec-
trum up to a possible maximum of 60 mW. Raman spectra were
collected with an integration time of 6 s and 10 accumulations.
Sheet resistance measurements were taken from graphene lms
on glass using a four-point probe (KeithLink) in linear geometry
and a multimeter (GDM-8261, GW Instek). AFM images were
acquired in air using a Bruker Dimension FastScan AFM with
Nanoscope V controller, operating in tapping mode. Silicon
cantilevers (MikroMasch) with a fundamental resonance
frequency of between 300 and 400 kHz were used. Images were
obtained using a scan rate of 1 Hz with the set point, amplitude,
and feedback control parameters optimised manually for each
sample. The images presented have been attened using
NanoScope Analysis v1.4 soware.
Film annealing

Annealed lms for sheet resistance were prepared by annealing
the graphene lms on glass in a tube furnace at 250 �C under a
forming gas atmosphere (1 : 20 H2 : Ar) for 2 h. Annealed cells
were prepared by annealing G–Si substrates prior to back BOE
etching in the same tube furnace conditions.
Fig. 2 (a) Normalised Raman spectra of graphite flakes (black) and a
graphene film deposited on glass (red), (b) representative UV-Vis
spectrum of a graphene film on glass, (c) UV-Vis transmittance at 550
nm of pristine (squares) and annealed (circles) graphene films of
varying thicknesses on glass and (d) sheet resistance of graphene films
of varying thickness on glass measured pristine, after annealing in
forming gas for 2 h and then 4 h after annealing. Error bars are present
in (c) and (d) but lie within the series symbol for the majority of points.
Solar testing

Aer cell assembly, the G–Si interface was treated with 2% HF
(diluted from 48%, Sigma-Aldrich, Australia) to remove any
native oxide layer that had grown back on the Si during the
assembly process, and the rst J–V test aer this step was
denoted as the 0 h test. Current–voltage data was collected
using a Keithley 2400 SMU instrument and recorded using a
custom LabView Virtual Instrument program. Cells were illu-
minated by collimated 100 mW cm�2 light from a xenon-arc
source passed through an AM1.5G lter with the irradiance at
the sample plane being measured with a silicon reference cell
(PV Measurements, NIST-traceable calibration). J–V curves were
obtained by scanning from 1 to �1 V.
This journal is © The Royal Society of Chemistry 2015
Results and discussion
Graphene characterisation

Aqueous graphene dispersions were prepared using the non-
ionic surfactant Tween-60, following a modied version of the
Guardia et al. method.41 These dispersions were found to have
an extinction coefficient of 2574 mL mg�1 m�1 at 660 nm and
an average concentration of 0.1 mg mL�1. Fig. 2(a) shows the
Raman spectrum of both the pristine graphite akes used to
prepare the dispersion and a graphene lm deposited on glass.
The Raman spectrum of the graphene lm exhibits a 2D peak
shied to a lower wavenumber (2709 cm�1 for graphite and
2691 cm�1 for the graphene lm). This shi, along with the
disappearance of the characteristic graphite 2D shoulder (at
2685 cm�1) and a broadening of the peak indicates the majority
presence of few-layer graphene (FLG) akes in the dispersion44

as well as providing evidence that the graphene akes do not
restack in an AB pattern when being deposited in a lm.45

UV-Vis of the lms (Fig. 2(b)) also shows the expected feature-
less absorption spectrum across the visible range characteristic
of surfactant exfoliated graphene.38

By controlling the volume of graphene dispersion ltered per
unit area of the MCE membrane, the optical thickness of the
lms could be controlled. Fig. 2(c) shows the volume per unit
area (mL cm�2) versus the UV-Vis transmittance of the lms at
550 nm. The transmittance of the graphene lms at 550 nm was
found to decrease nonlinearly with increased volume of gra-
phene dispersion used for the preparation of the lms. This
non-linear behavior suggests that there is a limit to the thick-
ness of the graphene lms using this deposition method, as the
UV-Vis transmittance should scale linearly with an increasing
number of graphene layers. This limit may arise due to the
weight of the thicker lms embedding the bottom graphene
RSC Adv., 2015, 5, 38851–38858 | 38853
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Fig. 3 Representative AFM images of (a) 5 � 5 mm area of a 76% T film
on silicon substrate, (b) a zoom in on a 1 � 1 mm area showing an
exfoliated graphene flake exhibiting characteristic wrinkling, (c) a 10 �
10 mm area of a 23% T film on a silicon substrate, and (d) trace heights
of the graphene flake seen in (b) showing an average height of 6.4 nm.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

pr
il 

20
15

. D
ow

nl
oa

de
d 

on
 1

1/
04

/2
01

7 
07

:3
2:

03
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
akes more strongly into the MCE lters, causing these akes to
be washed away during the lm's removal. However, the rela-
tionship between volume ltered and UV-Vis transmittance
showed reasonable reproducibility, as evidenced by the stan-
dard deviations shown in Fig. 2(c). Upon thermal annealing, the
lms showed no change in transmittance at 550 nm (Fig. 2(c)).

Fig. 2(d) shows the average sheet resistance of the graphene
lms of varying thickness in their pristine and annealed
conditions. As expected the thickness of the graphene lms
signicantly effects their sheet resistance, with the thickest 13%
T lms having a drop in their sheet resistance of almost an
order of magnitude compared to the 76% T lms ((4.0 � 0.2) �
106 U,�1 and (2.7� 0.2)� 105 U,�1, respectively). The sheet
resistance of the pristine lms appears to show two regimes
within the lms, a thin lm regime and a thick lm regime.
While the sheet resistance of the two thinnest lms is the same
within experimental error, the three thicker lms show
decreasing sheet resistance with increasing thickness. These
two regimes were much more prominent when the sheet resis-
tance of the lms was measured again post annealing. As
Fig. 2(d) shows, the sheet resistance of the thinner 76% T and
60% T lms remained constant, within experimental error,
while there was a nearly three orders of magnitude decrease in
sheet resistance for the thicker lms, with the 23% T lm
showing the best performance at (2.8� 0.3)� 103U,�1. These
sheet resistances compare favorably with other surfactant-
assisted exfoliated graphene lms such as those by Lotya
et al.38 (higher sheet resistance but higher transparency), De
et al.46 (comparable sheet resistance and transmittance but
annealed at 500 �C) and Guardia et al.41 (lower conductivities
with opaque lms).

It is hypothesised that there are two contributing factors to
the changes in sheet resistance observed in the pristine and
annealed lms. The rst difference between the two regimes is
that the thin lms are largely incomplete lms, with graphene
akes acting as islands along the length of the lm. Thus,
electrons are unable to travel directly between akes across
large distances and must instead follow a hopping mechanism,
increasing the sheet resistance of the lms.

The lm formation was observed by performing AFM on
both the 76% T and 23% T lms that were deposited on silicon
substrates, seen in Fig. 3(a)–(c). Comparison of a 5 � 5 mm area
on a 76% T lm (Fig. 3(a)) and a 10 � 10 mm area on a 23% T
lm (Fig. 3(c)) shows a clear difference between the lm
morphologies on both lateral and vertical dimensions. Fig. 3(a)
shows several few-layer (and thicker) graphene akes spread
across the imaged area. Fig. 3(b) shows a 1 � 1 mm zoom in of
one of the few-layer ake seen in Fig. 3(a) with the corre-
sponding cross sections presented in Fig. 3(d), showing an
average ake thickness of 6.4 nm. This ake and others can be
seen spread out from each other with the silicon substrate
beneath clearly visible. Fig. 3(c), however, shows a very densely
packed lm with no apparent silicon substrate visible under-
neath, with a greater maximum height scale of 400 nm.

The second difference between the lms arises from the lm
production method. In order to ensure consistent lm
production, all lms were prepared by diluting the volume of
38854 | RSC Adv., 2015, 5, 38851–38858
stock solution for the required thickness of the lm in 1 L of
water. It was therefore expected that the thinner lms would
have inherently less residual surfactant as the solution would be
more dilute before ltering. Despite rinsing with copious
amounts of water, the thicker lms could still have more
residual insulating surfactant between the graphene akes, and
hence a higher sheet resistance. When the lms are then
annealed, this residual surfactant decomposed and the gra-
phene akes were brought into better electrical contact with
each other resulting in lower sheet resistances, with Fig. 2(d)
showing that this decrease in sheet resistance is stable at least 4
h aer the annealing treatment.
Photovoltaic characterisation

The PCE of the cells made using varying thicknesses of gra-
phene lms are displayed in Fig. 4(a). Fig. 4(b) shows the
maximum PCE achieved by the cells with respect to their lm
thickness. The bimodal nature of Fig. 4(b) suggests that there
are two lm thickness regimes, in line with the sheet resistance
of the lms (Fig. 2(d)). Interestingly, cells of all lm thicknesses
were found to have a time dependence related to the HF etching
of the front junction (Fig. 4(a)). This time dependence was most
marked in the rst 48 h aer etching but began to plateau aer
approximately 150 h. This extended time dependence is
proposed to be due to the gradual regrowth of oxide layer at the
interface of the graphene lm and the n-type silicon. The
impermeability of graphene47 means that the interface's expo-
sure to oxygen to regrow the oxide is reduced compared to other
systems such as the CNT–silicon interface.
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 (a) PCE of G–Si cells with annealed graphene films after back
and front etching and (b) representative J–V curves of a G–Si cell
made with an annealed 23% T thick film immediately after back and
front etching and 68 h after etching.

Fig. 6 Representative J–V curves for G–Si cells pre-doping (light red
and blue) and post- nitric acid (dark blue) and gold chloride (dark red)
doping.

Fig. 4 (a) PCE of G–Si cells of varying graphene film thickness
measured after back and front etching (lines added to aid the eye) and
(b) maximum efficiency of G–Si cells after back and front etching as a
function of graphene film thickness.
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The maximum PCE found for the pristine cells was 0.06%, at
a lm thickness of 23% T. This PCE was achieved with a JSC of
0.68 mA cm�2, VOC of 0.41 V and a ll factor of 0.21. This PCE
was low compared with the rst CVD G–Si Schottky junction by
Li et al.,10 however, agreement between the cell's VOC was quite
good (at 0.42–0.48 V for CVD cf. 0.41 V). This is further proof
that the aqueous graphene dispersions are indeed few-layer
graphene.

As the sheet resistance of the thicker graphene lms was
greatly reduced aer annealing, two sets of G–Si cells were
prepared to investigate the effect of annealing the graphene lm
on the photovoltaic performance of the G–Si cells. The thin
(60% T) and thick lms (23% T) with the best photovoltaic
performance, as shown in Fig. 4(b), were prepared as per
normal methodology. Before the back etch step, the cells were
annealed under the same conditions as the lms on glass used
for sheet resistance measurements. Once the cells were
annealed they were back and front etched following the pre-
established protocol. Fig. 5(a) shows the PCE of the annealed
cells aer back and front etching. Comparison of Fig. 4(a) and
5(a) shows that the same time dependent trend of cell PCE
observed in pristine lm cells is also observed in the annealed
lm cells. More importantly, while the thin lm performance
has been slightly reduced when compared to the pristine cells,
the thicker 23% T lm cells show an improvement in PCE of
50% even upon initial testing, which rose to over 100% over the
course of 3 days (0.06–0.13%). The representative J–V curves of
the 23% T lm are shown in Fig. 5(b). These results show that
the observed increase in the PCE of the cells was due mainly to
the increase in the average JSC of the cells (a 200% increase
compared with pristine cells), with a 35% increase in average FF
and no change in average VOC when compared to the pristine
cells. The increase in JSC of the cells is in line with the observed
decrease in sheet resistance of the annealed lms in Fig. 2(d). As
the sheet resistance of the lms was decreased, due to the loss
of residual surfactant, it is easier for holes to be transported
from the graphene–silicon interface through the graphene to
the front electrode and hence the measured JSC is increased.
This loss of residual surfactant also resulted in a slight increase
in FF, as there was less recombination due to surfactant. As the
annealing does not result in the knitting together of graphene
akes, there are still a large number of recombination sites
This journal is © The Royal Society of Chemistry 2015
within the graphene sheet suppressing the FF. This simple
annealing step further improved the JSC in comparison to early
CVD G–Si cells, with the JSC now approaching 34 to 56% of the
CVD G–Si cells.10

Previous G–Si heterojunctions have shown marked
improvement with doping of the graphene lms. Fig. 6 shows
representative J–V curves of the best performed G–Si cells both
pre- and post-doping with the chemical dopants HNO3 and
AuCl3. Both HNO3

19,48 and AuCl3 49 are known p-type dopants of
graphene with similar charge transfer mechanisms of doping.
In the case of HNO3 vapour, HNO3 molecules are adsorbed onto
the surface of the graphene. Electrons are then donated from
the graphene (p-doping the graphene) to the HNO3 resulting in
the release of NO2 and H2O, as seen in eqn (1).19

4HNO3 + C+OH� + C / 2C+NO3
�cHNO3 + NO2 + 2H2O (1)

Conversely AuCl3 doping involves a two-step process, seen in
eqn (2) and (3).50 AuCl3 is adsorbed onto the surface and can
accept electrons from the graphene (p-doping the graphene), to
form AuCl2

� and AuCl4. The gold in these AuCl2-complexes is
RSC Adv., 2015, 5, 38851–38858 | 38855
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Fig. 7 PCE of G–Si cells made with graphene films of various thick-
nesses both pre-doping (in grey area) and post- (a) nitric acid and (b)
gold chloride doping as well as annealed film cell's PCEs both pre- and
post- (c) nitric acid and (d) gold chloride doping.
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then further reduced by the graphene, further p-doping it, to
form gold nanoparticles.50

2Graphene + 2AuCl3 / 2Graphene+ + AuCl2
� + AuCl4 (2)

3AuCl2
� # 2Au0Y + AuCl4

� + 2Cl� (3)

Fig. 7 shows the PCE of pristine cells pre-doping (grey rect-
angles) with HNO3 (Fig. 7(a)) and AuCl3 (Fig. 7(b)) and post-
doping. Exposing cells to concentrated HNO3 fumes for 2 min
resulted in a large initial increase in the PCE of all of the cells
with the exception of the thinnest graphene lm (76% T). This
large increase in PCE, shown in the representative J–V curves in
Fig. 6, is mainly due to increases in the JSC of the cells. Although
there are slight increases in both the FF (10–20%) and VOC
(10%) of the cells when doped with HNO3 and AuCl3, they are
not commensurate with the large increases oen seen in the
chemical doping of CVD G–Si Schottky junctions.11,18 A change
in the CVD cell's VOC is oen attributed to the shiing of the
graphene's work function,11,19,49 which raises the Schottky
barrier height of the system and hence increases the VOC. The
current work however deals with lms which consist of akes of
few-layer graphene stacked successively on top of each other.
Work by Crowther et al.51 with graphene of varying thickness of
1–10 layers has shown that while adsorbed NO2 species can shi
the Fermi level of graphene, only the two layers closest to the
site of exposure are signicantly doped, while no electric eld is
present deeper within the sample. This means that while the
transport of electrons injected into the stacked graphene lm
should be enhanced due to the reduced sheet resistance of the
upper layers,48 there is no large scale doping occurring at the G–
Si interface and hence a large change in VOC is not possible.

Aer this initial increase due to the rise in JSC, there is a
decrease in PCE. However, for the three thicker lms the PCE of
the cells remains higher than the pre-doped values. In contrast
to this behavior, the three thick lm cells doped by spin coating
of AuCl3 showed an increase in PCE which was retained over the
course of testing. This difference is most likely due to the
different method in which the cells are exposed to the two
dopants. In the case of exposure to concentrated HNO3 vapour,
HNO3 can penetrate into the graphene lms as well as adsorb
onto the top of the lm, allowing for a supersaturation of the
lms. This accounts for the large increases in JSC observed when
the lm was tested immediately aer doping. Testing the lms
however, along with the passage of time, allows for the excess
HNO3 to evaporate, and hence the PCE of the cells drops
compared to the initial test but as some HNO3 remains, the PCE
still remains higher than the pre-doped instance. Doping of the
cells with AuCl3 however, occurs by dynamically spin coating
AuCl3 in ethyl ether solution onto the cells. In this method there
is no chance for excess AuCl3 to enter the lms, while the AuCl3
that is deposited forms stable nanoparticles50 and hence testing
of the cells and passing of time does not result in any AuCl3
being displaced or a drop in PCE.

Fig. 7 also shows the PCE of annealed cells pre-doping (within
the grey rectangles) and post-doping with HNO3 (Fig. 7(c)) and
AuCl3 (Fig. 7(d)). The same trend that was present in the pristine
38856 | RSC Adv., 2015, 5, 38851–38858
cells is again apparent when annealed cells are doped, with both
the thick and thin annealed lm cells behaving in the same
manner as their pristine counterparts. The overall magnitude of
the lasting enhancement in both the HNO3 and AuCl3 cases is
reduced in the annealed cells. In the case of the HNO3 doping,
this may be explained by the lack of residual surfactant present
in the graphene lms. It is conceivable that one of the reasons
for the enhanced performance of the pristine cells when exposed
to HNO3 is that the HNO3 removes residual surfactant from the
lms, reducing recombination sites and enhancing the PCE,
prior to any chemical doping effects. In the case of annealed
cells however, this enhancement has already taken place and
hence the only effect that the HNO3 can have is via chemical
doping. In the case of AuCl3 doping, the lack of surfactant may
however be detrimental, as metal clusters have been shown to
have a good affinity for reduction promoting crown-ether-like
cavities in PEO surfactants and block copolymers.52,53 Hence,
when exposed to annealed surfaces with much less to no
surfactant, less AuCl3 is likely to be adsorbed and less chemical
doping occurs.

These doping results show promising improvements in the
PCE of the cells, with the pristine AuCl3 doped 23% T cells
This journal is © The Royal Society of Chemistry 2015
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showing an order of magnitude increase compared with the
original, pristine and undoped cells. The fact that these doped
cell performances remain constant over the course of 7 days in
ambient cell storage conditions and that the cells in general
remain stable over a period of three months (PCE z 0.1% for a
non-optimised cell) shows that this aqueous solution processed
approach to G–Si Schottky junction presents a promising new
approach.

With a maximum PCE of 0.9% and optimised stable PCE of
0.4%, the surfactant-assisted exfoliated graphene exhibits
improved photovoltaic performance over reported GO and rGO
cells of similar architecture (highest reported PCE of 0.3%).25

This likely stems from improved conductivity in the pristine
graphene akes. However, G–Si cells fabricated from CVD
produced graphene have shown higher PCE (up to 15.6%). The
improvement of the CVD derived lms is a result of the larger
graphene ake size reducing resistance related to ake–ake
charge hopping. The higher conductivity allows for thinner
lms, which increases transparency allowing more light to G–Si
the heterojunction and enhances the effect of doping, as dis-
cussed earlier.51

The solar cell performance should also be considered in
terms of manufacturing cost and potential scalability of
production. Solution processed graphene is capable of being
fabricated in large scales from naturally occurring graphite with
little input energy. In contrast, CVD growth is a high tempera-
ture process with limited scalability.

The initial reported PCE of CVD derived G–Si Schottky
junction solar cell in 2010 was 1.65%.10 During the following
4 years gradual improvements have been achieved with the
current record of 15.6% recorded early 2015.22 It is foreseeable
that surfactant-assisted exfoliated graphene could follow a
similar path aer this initial report with incremental increases
likely by optimising lm doping, uniformity and increasing
graphene ake size.

Furthermore, the results shown here suggest that further
work in this area should focus on increasing the lateral
dimensions of the graphene akes and the conductivity of the
resultant lms at higher optical transparencies, as higher
transparencies will result in a larger photon ux reaching the G–
Si interface.
Conclusions

Surfactant-assisted exfoliated graphene was used to make
transparent conducting electrodes which were then used for
photovoltaic G–Si Schottky junctions. The effect of lm thick-
ness on the photovoltaic properties of these G–Si Schottky
junctions was investigated and devices with an optimal lm
thickness of 23% T were found to have a power conversion
efficiency of 0.06%. This efficiency was doubled (0.13%) when
the graphene lms were annealed in mild conditions. Chemical
doping with nitric acid was able to increase PCE for a short
duration up to 0.9% while doping with gold chloride was found
to stably (>100 h) increase the power conversion efficiency to
0.4%.
This journal is © The Royal Society of Chemistry 2015
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