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The properties of graphene in terms of transparency and conductivity make it an ideal candidate to

replace indium tin oxide (ITO) in a transparent conducting electrode. However, graphene is not

always as good as ITO for some applications, due to a non-negligible absorption. For amorphous

silicon photovoltaics, we have identified a useful case with a graphene-silica front electrode that

improves upon ITO. For both electrode technologies, we simulate the weighted absorption in the

active layer of planar amorphous silicon-based solar cells with a silver back-reflector. The graphene

device shows a significantly increased absorbance compared to ITO-based cells for a large range of

silicon thicknesses (34.4% versus 30.9% for a 300 nm thick silicon layer), and this result persists

over a wide range of incidence angles. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4923232]

I. INTRODUCTION

Even if crystalline silicon (cSi) has a larger region of

absorbing wavelengths, amorphous silicon (aSi) has the

interesting advantages of being cheaper to produce and hav-

ing a more efficient absorption (Fig. 1), which reduces the

material thickness and the production price.1,2 However, the

diffusion length of free carriers is much smaller in the amor-

phous phase, thus these cells require complete surface-

covering electrodes.

Graphene is a two-dimensional honeycomb lattice of car-

bon atoms whose electrical and optical properties have been

studied intensively over the last decade.4–7 Its valence and

conduction bands touch each other, making it a gapless semi-

conductor8 with high conductivity, mechanical flexibility, and

optical transparency.9 The properties of graphene lead to large

expectations for devices such as liquid crystal displays, photo-

voltaic cells and light-emitting diodes (LEDs).10,11

Several techniques for growing graphene layers such as

exfoliation from graphite,12–14 chemical vapor deposi-

tion,15–17 and thermal decomposition on SiC substrates18–20

are well mastered and allow to obtain relatively low cost and

large scale production of electrodes, making it a potential

substitute for the expensive indium tin oxide (ITO) based

electrodes, the current leader in the industry.21

Experimental and numerical studies of graphene electro-

des for organic solar cells show that the power conversion ef-

ficiency can compete with ITO-based cells.16,17,22 In addition,

it was demonstrated that graphene keeps its electrical and op-

tical properties even when coated on (amorphous or crystal-

line) silicon.23 Furthermore, graphene is electrically adapted

to act as an electrode for amorphous-based solar cells and

shows similar electrical characteristic than ITO, even without

doping.24 However, in order to decrease the absorption of the

graphene layers, one should limit the number of layers needed

by doping the graphene.25 In 2012, Zhao et al. have demon-

strated via finite-difference time-domain (FDTD) simulations

that the optical absorption of a simple structure of amorphous

silicon with only graphene on the top is worse than with a

20 nm thick ITO electrode on the top26 because graphene

leads to a higher reflection of the incident light than ITO.

Nevertheless, the performances of graphene can overcome

those of ITO by using an anti-reflective coating made of a

SiO2/SiC structure.

In this paper, we investigate the optical potential of a

graphene surface-covering electrode for planar amorphous

silicon-based solar cells, as an alternative for the usual ITO

electrode (typical structures in Fig. 2). We determine that

graphene, in a suitable multilayer structure with anti-

reflecting properties, can enhance or at least compete with

the absorption of an ITO electrode, for an amorphous silicon

active layer with various thicknesses. These enhancements

persist for large angles of incidence, even up to 70�. For

these studies, we perform extensive numerical simulations

(commercial software COMSOL Multiphysics.27).

The paper is structured as follows. Section II reviews

the optical properties of graphene. In Sec. III, we determine

the absorbance of the active material when an ITO electrode

is used. As ITO also functions as an anti-reflective coating,

we introduce an anti-reflective silicon oxide (SiO2) layer in

Sec. IV, which is subsequently coupled with graphene in

Sec. V. The angular dependance is discussed in Sec. VI.

Finally, we discuss the influence of the silicon thickness in

Sec. VII.

II. OPTICAL PROPERTIES OF GRAPHENE

The permittivity e of graphene is related to its optical

surface conductivity r28

e x;EFð Þ ¼ 1þ i
r x;EFð Þ

e0xd
; (1)

with x the angular frequency, EF the doping level, and d the

thickness of graphene used for simulations. A thickness d ¼
0.5 nm is well converged with respect to the limit d ! 0, soa)Electronic mail: Fabio.Vaianella@umons.ac.be
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we use this value for the simulations. The optical surface

conductivity can be calculated using the Kubo-Greenwood

formula29–32

r ¼ rintra þ rinter; (2)

with

rintra ¼
2ie2kBT

�h2p xþ is�1ð Þ ln 2 cosh
EF

2kBT

� �� �
; (3)

rinter ¼
e2

4�h

1

2
þ 1

p
arctan

�hx� 2EF

2kBT

� �� �

� e2

4�h

i

2p
ln

�hxþ 2EFð Þ2

�hx� 2EFð Þ2 þ 2kBTð Þ2

" #
; (4)

with rintra the conductivity related to the intraband electron-

photon scattering processes, rinter related to the interband

electron transitions, s the electron scattering lifetime, T the

temperature (we use room temperature here), and kB the

Boltzmann constant. We use the parameters given by Eqs.

(1) and (2) to simulate graphene (Fig. 3(a)).

Although a single layer of graphene is only one atom

thick, its absorbance in the visible and at higher frequencies

is constant, determined by the fine structure constant a so

that A � pa � 2:3%.33,34 Fig. 3(b) shows that the absorb-

ance of a single layer of graphene with air above and below

is constant over the region where amorphous silicon can

absorb the most light (�300–750 nm), and is independent of

the doping level for this range (except for a doping level

higher than EF¼ 1 eV, but this doping level is hard to

achieve in practice). So, Figs. 3(a) and 3(b) show that for

achievable doping levels (EF < 1 eV), the optical properties

of graphene do not depend on the doping in the studied

wavelength range. Doping level effects are notable only in

the near and far infrared range. We can thus omit the doping

level for the optical study.

III. ITO ON AMORPHOUS SILICON

In order to compare devices with ITO and graphene, we

simulate the absorbance for both electrodes of a 300 nm thick

layer of amorphous silicon with a silver back-reflector, illu-

minated with a monochromatic plane wave at normal inci-

dence (angle dependence is considered in Sec. VI)

with wavelengths from 300 to 750 nm (spectral range for

FIG. 2. Structures under study. (a) Graphene-based electrode with a SiO2

anti-reflective coating on an amorphous silicon layer and a silver back-

reflector. (b) ITO-based electrode on the same cell. The (blue) arrows indi-

cate the illumination direction.

FIG. 1. Extinction coefficient of both crystalline (red solid line) and amor-

phous (green dashed line) silicon.2,3 The absorption is greater for the amor-

phous phase from 370 to 750 nm. Inset shows the air mass 1.5 global

(AM1.5 G) solar spectrum.

FIG. 3. (a) Real part (solid line) and imaginary part (dashed line) of the conductivity of a single layer of graphene with (green) and without (red) doping. In the

visible range, doping has no effect. (b) Absorbance of a single layer of graphene at normal incidence for different doping levels EF from 0 to 1 eV. In the visi-

ble range, the absorbance is approximately constant (¼pa) and is independent of the doping level.
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non-negligible absorption). Other silicon thicknesses are dis-

cussed in Sec. VII. The graphene-based and ITO-based struc-

tures are shown in Figs. 2(a) and 2(b), respectively. In this

section, we show results for ITO; Section V will discuss the

graphene electrode. Silver optical parameters are from Ref.

35. The optical parameters of ITO36 and amorphous silicon

are shown in Figs. 4(a) and 4(b), respectively. We see that

the extinction coefficient j of ITO is practically zero in the

range from 300 to 800 nm.

We calculate the integral absorbance Aint in the active

material (thus, only silicon absorbance, not absorbance in the

electrode), which is the absorbance weighted by the air mass

1.5 global (AM1.5G) solar spectrum (see inset of Fig. 1)

Aint ¼

ð750 nm

300 nm

S kð ÞA kð Þdkð4000 nm

300 nm

S kð Þdk

; (5)

where k is the free-space wavelength of the incoming light,

AðkÞ is the wavelength-dependent absorbance of the silicon

layer, and SðkÞ is the AM1.5G solar spectrum.

Note that with this definition, even if all incoming light

is absorbed (AðkÞ ¼ 1) in the range 300–750 nm, the integral

absorbance would be 53.6%.

We can now determine the ideal thickness of the ITO

layer in order to compare with graphene-based devices in

optimal conditions. Fig. 5 shows the integral absorbance for

the ITO-based structure in function of the ITO layer thick-

ness. A peak in absorbance is observed around a thickness of

60 nm. This is linked to the fact that the maximum of the so-

lar spectrum is around a wavelength of 500 nm and the clas-

sical thickness condition for the most efficient anti-reflective

coating (ARC) is:

d ¼ k
4n
; (6)

with d the thickness of the ARC and n its refractive index,

which gives effectively d � 60 nm as ideal thickness.

Even if 60 nm is optically optimal, one should also take

care of the conducting performance of the electrode. This

performance for ITO layers is generally considered satisfac-

tory around a thickness of 100 nm (sheet resistance � 30

X=�).10,22

Thus, taking into account optical, electrical, and eco-

nomic arguments, we take an ITO thickness of 100 nm for

the electrode (a thicker layer than 170 nm would be more

efficient but too expensive). This leads finally to an integral

absorbance of 30.9%. Sections IV and V will demonstrate

that the integral absorbance of graphene-based devices can

exceed this value.

IV. SiO2 ON AMORPHOUS SILICON

Because of its extreme thinness, we can at first neglect

the graphene layer in Fig. 2(a), in order to determine the

optimal thickness of the necessary silica ARC. The silica re-

fractive index does not vary much, so we consider a constant

value of 1.5.

Fig. 6 shows the evolution of the integral absorbance of

silicon as the thickness of the oxide increases. A peak is

observed around a thickness of 80 nm that, again, is in good

agreement with Eq. (6). The integral absorbance in this best

FIG. 4. Optical parameters (refractive index n and extinction coefficient j) of (a) ITO and (b) amorphous silicon.

FIG. 5. Integral absorbance Aint of silicon weighted with AM1.5 G solar

spectrum for a ITO/amorphous silicon/silver structure as a function of the

ITO layer thickness, under normal incidence.
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configuration is around 35.5%, which is larger than the ITO-

based configuration (30.9%).

This difference is mainly due to a larger reflection of

ITO between 370 and 580 nm and also between 610 and

650 nm, which are important parts of the AM1.5 G spectrum,

see Fig. 7 for the reflectance spectra.

V. SiO2/GRAPHENE ON AMORPHOUS SILICON

We now examine the structure by adding the electrode

of graphene (Fig. 2(a)). Fig. 8 shows the silicon absorbance

for various numbers of graphene layers. Even with ten

layers, the graphene structure gives a larger absorbance in

the silicon than the ITO-based one. Each graphene layer

absorbs only about 0.3% of the light, which is much less

than the 2.3% for graphene surrounded with air (see Sec. II).

This decrease in absorbance of a single graphene layer is due

to a decrease of the electric field at the graphene boundary

(directly connected with absorption28) with an increase of

the refractive index of the substrate on which the layer is de-

posited because of interference with the reflected field. The

real part of the refractive index of silicon being much higher

than that of air over all the wavelengths of interest, the

absorbance of the graphene layer decreased significantly.

The latter result shows that multilayer optimization is impor-

tant for graphene devices.

The sheet resistance of a single graphene layer with dop-

ing level EF¼ 0.3 eV being � 120 X=�, at least four layers

are needed in order to have a satisfactory conduction, with a

sheet resistance of � 30 X=�.10,22,37 With four layers, the

absorbance is around 34.4%, giving an optical enhancement

of 3.5% compared to photovoltaic cells with an ITO elec-

trode, which is an interesting result. Note that a (quite expen-

sive) ITO thickness of 200 nm (maximum point in Fig. 5)

would still be worse than a four-layer graphene electrode:

32.5% versus 34.4%.

VI. ANGLE DEPENDENCE

The superiority of graphene at normal incidence being

established, the structure should be efficient for a large range

of incidence angles for photovoltaics (from 0� to 60� is, in

general, suitable). We study the same structures as previ-

ously, but we vary the angle of incidence from 0 to 90�.
The incidence angle does not have much effect on the

graphene device until 60� (Fig. 9(b)), while an increase in

absorbance is observed for the TM polarisation of the ITO

structure (Fig. 9(a)). The latter increase is connected with an

increased transmission in the structure due to the pseudo-

Brewster angle (between ITO and silicon), which is the angle

where the reflection of the TM polarisation vanishes.

We consider the mean integral absorbance (Fig. 10)

given by

Amean ¼
ATM þ ATE

2
; (7)

with ATMðATEÞ the integral absorbance for TM (TE) polarisa-

tion. With ITO, there is a slight increase in absorbance in

function of the angle. However, graphene is more efficient

for angles up to 70�. For larger angles than 70�, the perform-

ance is similar. The absorbance of the graphene cell is almost

FIG. 6. Integral absorbance Aint for a SiO2/amorphous silicon/silver structure, as

a function of the SiO2 anti-reflective coating thickness, under normal incidence.

FIG. 7. Reflectance spectra of both structures under normal incidence with

ITO and SiO2. Red solid line is for a 80 nm thick SiO2 layer. Green dashed

line is for a 100 nm thick ITO layer.

FIG. 8. Red points indicate the integral absorbance Aint for SiO2/graphene/

amorphous silicon/silver as a function of the number of graphene layers

composing the electrode. For comparison, the blue dotted line indicates the

absorbance of the ITO structure.
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constant from 0 to 50�, allowing for flexibility in photovol-

taic panel orientation.

VII. INFLUENCE OF THE SILICON THICKNESS

We have determined that graphene could enhance the

absorbance in the amorphous silicon layer when its thickness

is 300 nm. However, this thickness is not necessarily the

thickness required for some applications. We study the influ-

ence of the silicon thickness by varying it from 100 to

900 nm. As indicated by equation 6, the ideal ARC thickness

does not depend much on the silicon thickness. We thus use

a 80 nm layer of SiO2 and a 100 nm layer of ITO as

previously.

Fig. 11 shows the integral absorbance of silicon versus

its thickness. We see that the integral absorbance for the

graphene-based structure is always higher than the ITO-

based structure (in this range of thicknesses), with a gain

going from 2.8% to 3.5%. The absorbance increases with the

silicon thickness, as one intuitively expects.

VIII. CONCLUSIONS

We numerically demonstrate that the electrical and opti-

cal properties of graphene are suitable as transparent con-

ducting electrode for thin-film amorphous silicon

photovoltaics. The weighted absorbance in the active mate-

rial with a four-layer graphene electrode (which provides a

good electrical conduction) is larger than with an ITO elec-

trode for a silicon thickness going from 100 to 900 nm. An

increase in absorbance up to 3.5% is achievable. Moreover,

the graphene electrode keeps its efficiency over a large range

of incidence angles, up to 70�.
These results depend on the ability to fabricate struc-

tures with graphene in between amorphous silicon and an

anti-reflective coating, which is crucial for optical perform-

ance. A device with graphene in between SiO2 and quartz

was fabricated38 for example, so the proposed structure

should become realizable. In that case, it would provide an

inexpensive and efficient alternative for the transparent con-

ducting electrode.

FIG. 9. Influence of the incidence angle on the integral absorbance Aint for TM (dashed line) and TE (solid line) polarisation. (a) ITO electrode. (b) Graphene

electrode.

FIG. 10. Influence of the incidence angle on the mean absorbance of ITO

and graphene devices. Red solid line is for ITO, green dashed line for

graphene.

FIG. 11. Influence of the silicon thickness on the absorbance of the active

layer. Red solid line is for the ITO- based structure; green dashed line is for

the graphene-based structure.
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