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The potential of graphene as an ITO replacement in
organic solar cells: An optical perspective
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Abstract—Graphene possesses innate potential to replace ITO
as the transparent electrode in an organic solar cell device. From
our transmittance study weighted with the Air Mass 1.5 Global
solar spectrum, it is found that a higher transparency may be
obtained for up to four layers of graphene in comparison to
ITO. Our findings suggest that replacing ITO with monolayer
graphene in organic solar cells yields comparable performance.
Due to the increased optical absorption, organic solar cells with
four-layer graphene (with the same sheet resistance as ITO at
30€2/00) are capable of attaining at least 92% of the same OPV
device with an optimized ITO electrode for both normal and
angular AM1.5G illumination.

Index Terms—Computational modeling, Organic semiconduc-
tors, Photovoltaic cells, Thin film devices.

I. INTRODUCTION

RAPHENE, an isolated graphite plane, is actually crys-

tallized carbon in a two dimensional form [1]. Since its
extraction from graphite compounds, its electronic and optical
properties have been extensively studied [2]. It was found to
exhibit high optical transparency [3], electrical conductivity
[4], as well as chemical and thermal stabilities amongst
others. These excellent properties make graphene an ideal
candidate for the replacement of a commonly used transparent
conducting oxide, Indium Tin Oxide (ITO), prevalently used
in the electronic displays and solar cell industries [5], [6].
Moreover, graphene is much more flexible than the brittle
ITO, thus graphene is also viewed as an enabler in flexible
electronics, in particular organic solar cells.

Although graphene has been shown to exhibit excellent
optical transmittance of > 90%, organic photovoltaic (OPV)
devices which use graphene as the transparent electrode have
not yielded better performance as compared to ITO based
devices. For instance, Wu et. al. used solution-processed func-
tionalized graphene films of 4-7 nm as transparent electrodes
in a bilayer CuPc/Cgq organic solar cell, and demonstrated
power conversion efficiency (PCE) less than 50% of the
reference cell PCE which uses ITO [7]. Similarly, Wang
et. al. have demonstrated that using non-covalent modifica-
tion of graphene transparent electrode, the PCE of a typ-
ical conjugated polymer poly(3-hexyl)thiophene:phenyl-Cg;-
butyric acid methyl ester or PSHT:PCBM bulk-heterojunction
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photovoltaic device with graphene transparent anode is about
55% of the ITO based device PCE of 3.1% [8]. A recent
improvement of the same P3HT:PCBM device by the same
group with four-layer graphene electrode attained 83.3% of
the PCE of the same device with ITO [9]. For small molecule
OPV devices, chemical vapor deposited graphene electrode
has brought the PCE of multilayer graphene based CuPc:Cgg
OPV device, which is 1.18%, to nearly 93% of the 1.27%
PCE of the ITO based OPV device [10]. Besides chemical
vapor deposition, attempts to p-dope graphene with AuCls in
nitromethane have been shown to produce graphene with much
smaller sheet resistance. Their PCE of a three-layer graphene
based CuPc:Cgy OPV device is 1.63% as compared to 1.77%
PCE of the similar ITO device [11].

In this manuscript, we evaluate the potential of doped
graphene as an alternative to the typical transparent electrode
made of ITO in terms of its transmittance and optical ab-
sorption. Some of the questions which we will attempt to
answer include: (1) Is it possible to improve the performance
of organic solar cells by replacing ITO with graphene? (2)
Is the improvement or reduction in performance valid for
different OPV systems with active layers that absorb in dif-
ferent range of optical wavelengths? (3) Can we improve the
angular absorption of the active layers by replacing ITO with
graphene?

II. GRAPHENE/ITO ON GLASS

To determine the impact of replacing ITO with graphene,
we first look at a simple Glass(l.lmm)/ITO/Air or
Glass(1.1mm)/Graphene/Air configuration (inset of Fig. 1).
Normally incident monochromatic plane waves illuminate the
bilayer structure (i.e light passes through glass first and then
graphene or ITO as in a typical organic solar cell).

The integral transmittance 73, through the structure for A =
350-800 nm is determined by weighting the transmission co-
efficient to account for the different intensities of the Air Mass
1.5 Global (AM1.5G) solar illumination (from A = 350 — 800
nm) and normalized by the incident power of the spectrum

given as
"A=800nm
T . = A=350nm T(A)S()\>d)\ (1)
int A=800nm ’
S(A)dA

A=350nm

where S()) is the AM1.5G solar spectrum, T'(\) =
is the normalized wavelength-dependent transmittance of
Glass(1.1 nm)/ITO or Graphene/Air configuration at each A
and is computed by solving the Maxwell’s Equations using
the transfer matrix method [12], Ppottom(A) = E x H is the
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Poynting vector (i.e. E is the electric field vector and H is the
magnetic field vector) taken below the graphene (ITO) layer,
after the light passes through it. Here, I taken as 1 W/cm?
is the reference incident light intensity. In the computation
of T(X), the relative permittivity of glass is assumed to be
2.2201 and the complex relative permittivity of ITO is taken
from Ref. [13]. The frequency-dependent optical conductivity
o(w) of graphene is computed taking the carrier mobility to
be fm = 9000 cm?/Vs, which is typical of measured values
[14], [15]. Here w = 2mc/A is the angular frequency with ¢
being the speed of light in vacuum. Let us take the carrier
density to be n, = 6 x 10'2 cm~2, corresponding to a sheet
resistance p = 1/(n.ep,,) ~ 120Q/0 for doped graphene
produced by roll-to-roll technology [16]. We may proceed to
estimate the chemical potential p. ~ hvpy/n.m ~ 0.3 eV
(ue > KpT ~ 26 meV, temperature 7 taken to be 300 K),
where vp ~ 10% cm/s is the Fermi velocity. As the sheet
resistance directly affects the performance of a solar cell, we
have employed analytical calculations for o(w) so that one
may quantify changes in the optical conductivity of graphene
with respect to variations in the sheet resistance or carrier
density. For small wavevectors k (i.e., |k|vp < w) and at high
frequencies where w > 7. ! (7. being a phenomenological
electron relaxation time in the order of 107!3s) [17], the
optical conductivity o(w) = o™ (w) 4 "2 () of graphene
may be expressed as [18], [19]

O_inter (w)

ie2w /°° F(—¢) - F(e) i
wh? Jo w?—4(e/h)?
2 i Aw — 2.

- ¢ [1—|—ln

1 - M] , (e > KpT1) (2)

where o™*(w) takes into account interband electron transi-
tions, and

) = [ (260

e pete (1 + iwte)
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where ¢'""*(w) takes into account intraband electron-photon
scattering, and F(¢) = (1 + exp[(e — u.)/Kp7])~! is the
Fermi-Dirac distribution. For the range of frequencies consid-
ered in Eq. 1, w?72 > 1, R(c™) ~ 0 and

N e? i hw —2p.  4pe

o(w) ~ i [1 + o {lnﬁw 2 to. H . 4
The conductivity for few-layer graphene may be estimated as
No(w), where N is the number of layers (N < 10) [20].
In calculating the transmission coefficient T'(\), it is taken
that monolayer graphene has an effective thickness ¢, ~
0.5 nm and an equivalent dielectric constant €4(w) = 1 +
io(w)/(weoty) [171, [21].

Figure 1 shows that monolayer graphene has a transmittance
T(A\) > 90% over the 350-800 nm wavelength range, which
results in better integral transmittance 7i, than 130 nm thick
ITO with T,y = 87.1%. However, as the number of graphene
layers increases, the integral transmittance decreases by 1.68%
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Fig. 1. (Color online) Integral transmittance T3¢ of light (A = 350-800 nm)

illuminating 1.1 mm thick glass and graphene (ITO) as a function of number
of graphene layers (ITO thickness).

to 1.48% for each additional layer of graphene. Note that
with graphene on glass, the reduction of the the transmittance
(after scaling with the AM1.5G solar spectrum) is no longer a
function of the fine structure constant where we would expect
a reduction of the transmittance by 2.3% [3], [22] for each
additional layer of graphene. This decoupling of the reduction
in the transmittance from the expected 2.3% reduction per
additional graphene layer can be attributed primarily to (1)
the weighting of the wavelength-dependent transmittance T'(\)
based on the AMI1.5G solar spectrum, and (2) to a lesser
extent the presence of the Glass substrate. For transmittance
Ty > 85%, the thickness of ITO has to be either less than
20 nm or greater than 100 nm. In the commercial use of ITO,
the typical thickness usually adopted is more than 100 nm to
ensure that the electrical conductivity is not compromised [7],
[10]. Therefore, Fig. 1 suggests that it is possible to achieve

decomparable or even higher transmittance than provided by ITO

with four or less layers of graphene. In terms of the sheet

3 resistance, N = 4 layers of graphene (sheet resistance ~30

Q/0J) is roughly equivalent to ITO on glass (sheet resistance
~20-30 Q/0J). The linear decrease in the transmittance gave
an indication that absorption may be a significant factor
for graphene as the number of layers is increased. On the
other hand, with ITO as the transparent electrode, optical
interference seems to have a much more important effect
since it is mostly transparent in the wavelengths of interest
for organic solar cells.

III. GRAPHENE AS A TRANSPARENT ELECTRODE IN
P3HT:PCBM ORGANIC SOLAR CELL

Next, we consider the use of graphene to replace ITO
transparent electrode in a well studied conjugated polymer
based organic bulk heterojunction solar cell with the
following structure as shown in Fig. 2(a): Glass(l.1mm)/
ITO(130nm)/  PEDOT:PSS(45nm)/  P3HT:PCBM(75nm)/
Ca(10nm)/ Ag(100nm). The wavelength-dependent complex
relative permittivities of the hole-transporting poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)
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Fig. 2. (Color online) (a) Structure of P3BHT:PCBM organic bulk heterojunc-
tion solar cell with graphene as the transparent electrode. Normalized absorbed
power of light in (b) P3BHT:PCBM active layer and (c) graphene and ITO, as
a function of number of graphene layers (and ITO thickness) under AM1.5G
solar illumination from A = 350 — 800 nm. (d) Spectral absorption rate
in P3HT:PCBM (solid lines), graphene and ITO (dashed lines) for the OPV
device with monolayer graphene, four-layer graphene, and 130 nm thick ITO.

layer, poly(3-hexylthiophene):methanofullerene-phenyl Cg;-
butryic acid methyl ester (P3HT:PCBM in 1:0.8 weight ratio)
active layer, calcium (Ca) electron transporting layer and
silver (Ag) back reflector are taken from Ref. [13]. We have
to emphasize that the choice of the dimensions and structure
of the P3HT:PCBM OPV device is such that the actual
optimized experimental device were shown to exhibit power
conversion efficiencies of more than 3.5% as shown in Refs.
[13], [23].

To quantify and compare the performance of the
P3HT:PCBM OPV device, we have computed the normalized
absorbed power in the active layer and also the transparent
electrode (i.e. graphene and ITO). The normalized absorbed
power of the layer of interest is given by

Nzt Piop(N) = Prottom(N)] S(A) dA

A= nm
)\:385000nm S()\) dX

A= &)

where Py,,(A) and Pyosiom (A) are the Poynting vectors of the
top and bottom interface of the layer of interest.

Figure 2(b) illustrates the normalized absorbed power in
the P3BHT:PCBM active layer with respect to the integrated
incident power of the AMI1.5G solar spectrum, over A =
350 — 800 nm, Sy = 575.35 W/m? at normal incidence.
We observed that the normalized power absorbed by the
P3HT:PCBM photoactive layer decreases with number of
graphene layers (from 57.6% for the monolayer to 45.0%
for ten-layer of graphene), while with up to 200nm thick
ITO, it is about 58.9-57.8%. This shows that even with
> 90% transmittance for monolayer graphene on glass, the
performance of the P3BHT:PCBM device is only comparable
to that of an ITO based device, measured in terms of the
power absorbed in P3BHT:PCBM. With four-layer of graphene
(i.e. sheet resistance ~ 30€2/00), the amount of optical power
absorbed in P3HT:PCBM is 53.9% or 92.3% of the same

OPV device with 130 nm thick ITO transparent electrode. The
difference in the power absorbed in the P3BHT:PCBM active
layer with four-layer graphene or 130 nm thick ITO illustrates
that while the graphene electrode allows comparable amount
of light to enter the active layer, the amount of light absorbed
by the P3BHT:PCBM after accounting for multiple passes and
optical interference is lesser compared to the case when ITO
electrode is used.

The normalized absorbed power for both graphene and
ITO in the organic solar cell configuration is plotted in Fig.
2(c). It is evident that the absorption in the thin graphene
electrode (~1.93% for monolayer of graphene) is much higher
than that of ITO (0.0006% for 130 nm thick ITO) even
for a monolayer graphene. Therefore, it is obvious that the
absorption in graphene is a limiting mechanism to replace
ITO as a transparent electrode. Although, graphene absorption
losses are so much higher than ITO, it is instructive to look at
the normalized spectral absorption rate of P3HT:PCBM for
both graphene and ITO electrodes. To understand why the
normalized absorbed power in P3HT:PCBM is just slightly
smaller by 4% between the monolayer graphene case and
130 nm thick ITO reference case even though the absorption
of graphene is almost 10 times higher (~1.93% for mono-
layer graphene case and 0.0006% for 130 nm ITO reference
case), we plot the normalized spectral absorption profile of
P3HT:PCBM for both the graphene and ITO electrodes.

Figure 2(d) shows the normalized spectral absorption in
P3HT:PCBM for monolayer graphene, four-layer graphene,
and 130 nm ITO before weighting with the AM1.5G solar
spectrum for A = 350-800 nm. We observed that compared
to ITO, graphene facilitates broadband absorption of light for
the whole range of wavelengths where P3BHT:PCBM absorbs.
Moreover, it is interesting to note that the monolayer graphene
electrode performs just as well as the 130 nm thick ITO
electrode at optical wavelengths (A = 450-600 nm) even
though the absorption of the graphene electrode is higher. With
the four-layer graphene electrode, the absorption losses is the
main performance limiting factor even though it has similar
transmittance with the ITO on glass electrode as shown in Fig.
1.

Besides normal incidence, we calculated the absorption
for obliquely incident light on both the graphene and ITO
electrode P3HT:PCBM OPV device. Figure 3 presents the
normalized absorbed power of the P3BHT:PCBM active layer
(with respect to the absorption of in PAHT:PCBM with 130nm
thick ITO transparent electrode) as a function of the angle
of incidence for OPV devices with monolayer and four-layer
graphene. It is interesting to note that the PAHT:PCBM OPV
device with ITO electrode absorbs well for the angle range of
0-45 degrees, but the OPV device with monolayer graphene
absorbs slightly better in the range of 50-65 degrees. Ignoring
the relevance of the sheet resistance, the use of graphene as an
electrode may be advantageous for illumination at large angles
leading to a wider angle of absorption of light. However,
taking sheet resistance into account and assuming the same
sheet resistance of ~ 302/ for both four-layer graphene and
130nm ITO, the absorption in the four-layer graphene reduces
the absorption in the photoactive layer for all angles. For
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Fig. 3. (Color online) Normalized absorbed power of light in the
P3HT:PCBM active layer for monolayer (black solid line) and four-layer
graphene (red dashed line) transparent electrode with respect to the absorbed
power in the same active layer with 160nm thick ITO electrode (blue dotted
line) under AM1.5G solar illumination from A = 350 — 800 nm at different
angles of incident light.
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Fig. 4. (Color online) (a) Structure of ZnPc:Cgo organic bulk heterojunction

solar cell with graphene as the transparent electrode. Normalized absorbed
power of light in (b) ZnPc:Cgp and Cgp active layer and (c) graphene and
ITO, as a function of number of graphene layers (and ITO thickness) under
AM1.5G solar illumination from A = 350 — 800 nm. (d) Spectral absorption
rate in ZnPc:Cgg + Cgo (solid lines), graphene and ITO (dashed lines) for
the OPV device with monolayer, four-layer graphene and 160 nm thick ITO.

angles up to 30 degrees, four-layer graphene performs at about
90% as that of 130nm ITO electrode for the P3HT:PCBM
OPV device, but for larger angles of AM1.5G illumination,
the performance decreases quickly as the angle of illumination
increases.

IV. GRAPHENE AS A TRANSPARENT ELECTRODE IN
ZNPC:Cgg ORGANIC SOLAR CELL

Besides the P3BHT:PCBM OPV device with an absorption
spectrum between wavelengths A =350-650nm, we also con-
sider the use of graphene to replace ITO transparent electrode
in a small molecule based organic bulk heterojunction solar
cell which absorbs better in the near infrared wavelengths
A =450-750nm. The small molecule based organic solar cell

structure is shown in Fig. 4(a): Glass(1.lmm)/ ITO(160nm)/
ZnPc(35nm)/ Cgp(25nm)/ BPhen(7nm)/ Ag(100nm). The
wavelength-dependent complex relative permittivities of the
zinc phthalocyanine (ZnPc): fullerene (Cgg) layer can be found
in Ref. [24], while Cgp, 4,7-diphenyl-1,10-phenanthroline
(BPhen) exciton-blocking layer are characterized by ellip-
sometry and the corresponding permittivities are given in the
appendix. Note that the structure and dimensions were reported
working devices with 3.9% power conversion efficiency [25].
Figure 4(b) illustrates the normalized absorbed power in
the ZnPc:Cgg and Cgp active layer with respect to the inte-
grated incident power of the AMI1.5G solar spectrum, over
A = 350 — 800 nm, Sy = 575.35 W/m>2. We observed
that the normalized power absorbed by the photoactive layer
decreases with number of graphene layers (from 49.9% for
the monolayer to 44.0% for 10 layers of graphene), while
with up to 200nm thick ITO, it is about 50.3-47%. With
four-layer graphene, the amount of optical power absorbed in
ZnPc:Cgo+Cgo is 48.6% (or 98.6% that of the same ZnPc:Cg0
OPV device with 160 nm thick ITO transparent electrode). The
small difference in the power absorbed in the ZnPc:Cgp+Cgo
active layer between four-layer graphene and 160 nm thick
ITO illustrates that the absorption in graphene has a less
prominent effect on the absorption in the active layer when the
photoactive layer is able to absorb more light in the near infra-
red wavelengths. The normalized absorbed power for both
graphene and ITO in the organic solar cell configuration is
plotted in Fig. 4(c). It is obvious that absorption in graphene
is also the limiting factor for the ZnPc:Cgy OPV device, which
similar to the case for the P3HT:PCBM device discussed in
Section III. Note that recent comparison of doped graphene
with ITO in small molecule OPV devices similar to ZnPc:Cg0
shows that doped graphene devices exhibit 92-93% of the
PCE of ITO control devices, This is very close to the results
which we have shown in this this section from purely an
optical perspective and we would not expect multilayer doped
graphene (or four-layer graphene as considered here) to be
able to outperform ITO based devices if the sheet resistance
has to be kept to a minimum of ~ 30€/[] assumed here.
Figure 4(d) shows the normalized spectral absorption in
ZnPc:Cgp+Cgo for mono- and four-layer graphene and 160
nm ITO before weighting with the AM1.5G solar spectrum
for A = 350-800 nm. It is surprising to see that having ITO
as the transparent electrode allows higher absorption than
monolayer graphene electrode at two wavelength bands (i.e.
A = 400-450nm) for both P3BHT:PCBM and ZnPc:Cg, bulk-
heterojunction devices. For A = 450-570nm, optical interfer-
ence due to the thick ITO electrode reduces the absorption
of light in the active layer of the ZnPc:Cgy device and even
the same device with four-layer graphene exhibits higher light
absorption ability in this range of wavelengths. It is also
interesting to note that for A > 700nm, the ZnPc:Cgqg OPV
device with monolayer or four-layer of graphene allows better
or comparable light absorption in the active layer than the
same OPV device with 160nm thick ITO as the transparent
electrode. Therefore, we can deduce that even without the
advantage of optical interference, monolayer to four-layer of
graphene is slightly more transparent to near infra-red light
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Fig. 5. (Color online) Normalized absorbed power of light in the ZnPc:Cgg

and Cg active layer for monolayer (black solid line) and four-layer graphene
(red dashed line) transparent electrode with respect to the absorbed power in
the same active layer with 160nm thick ITO electrode (blue dotted line) under
AM1.5G solar illumination from A = 350 — 800 nm at different angles of
incident light.

and allows the NIR light to be absorbed more efficiently by
the active layer in ZnPc:Cgy OPV device.

The angular response of a graphene electrode based
ZnPc:Cg is slightly different from that of the P3HT:PCBM
solar cell. Figure 5 shows that monolayer graphene electrode
enables more light to be absorbed by the ZnPc:Cg active layer
for angle of incidence between 0-60 degress. Similar to the
P3HT:PCBM case, if we take sheet resistance into account
and select four-layer graphene as a transparent conductor, the
absorption in the ZnPc:Cgy+Cgp active layer also decreases
due to high absorption in the four-layer graphene transparent
electrode for all angles of AM1.5G illumination. As compared
to the P3JT:PCBM device, the performance of the ZnPc:Cgg
OPV device with four-layer graphene is maintained at 90%
that of the same OPV device with 160nm ITO electrode for
angles of illumination up to 40 degrees.

V. DISCUSSION

In the previous sections, we have illustrated that the the
main reason for reduced transmittance and lower optical ab-
sorption in doped graphene is mostly due to the absorption of
the graphene material itself. On the other hand, precise tuning
of the thickness of ITO is essential to optimize optical inter-
ference in the OPV device configuration. We must emphasize
that the computed dielectric permittivity of doped graphene is
based on the best experimentally determined sheet resistance
for doped graphene by roll-to-roll processing. However, we
note that the change of sheet resistance (due to different doping
compounds on graphene) on the mobility of charge carriers for
a monolayer graphene does not change the optical conductivity
(and the corresponding dielectric permittivity) significantly.
For instance, reducing the mobility from 9000 cm?/Vs to
5000 cm?/Vs only change the dielectric permittivity by less
than 0.0001%. Therefore, we do not see a huge difference
of our optical results even if graphene is doped with different
chemical compounds to improve its sheet resistance to achieve

charge mobilities of > 5000 cm?/Vs. However electrically,
better sheet resistance (i.e. < 120 €2/0) for monolayer
graphene, which implies a mobility >> 9000 cm?/Vs will allow
the reduction of four-layer graphene to three-layer graphene
to maintain the minimum sheet resistance of 30 /0 assumed
here. But such a variation do not change our conclusion based
on our optical results significantly.

Besides chemically doped graphene considered in this study,
it has come to our attention that intercalating few-layer
graphene (FLG) with ferric chloride (FeCls) has enabled rapid
sheet resistance reduction of multilayer graphene from >
100092/ for 2-layer graphene to 8.82/[1 for 5-layer graphene
[26] with high optical transparency greater than 84%. Our
findings here are expected to hold also for the intercalated
FLG electrodes in Ref. [26] as the charge density and mobility
values used for calculating the optical conductivity of graphene
have the same order of magnitude.

Without considering the effect of sheet resistance on the
carrier collecting efficiency of the OPV devices, we are
presenting the best case where monolayer graphene works
best optically. Therefore, the results for monolayer graphene
OPV devices effectively presents the best case scenario (or the
performance limit) in terms of the performance of graphene
as a transparent electrode and compare it directly with the
same OPV device with optimized ITO thickness. Therefore,
the performance limits of monolayer graphene for conjugated
polymer P3HT:PCBM and small molecule ZnPc:Cgq OPV
devices are 99% and 101% that of the same device with
optimized ITO as the transparent electrode.

On the other hand, if we consider ~ 30Q/0 as the
maximum sheet resistance required for practical OPV de-
vices, four-layer graphene which is able to offer comparable
light transmittance as ITO is chosen. Our simulation results
illustrate that optical absorption in the active layer drops
from 99% and 101% (for the monolayer case) to about 92%
and 98% (for the four-layer graphene case) to that an ITO
electrode OPV devices for P3HT:PCBM and ZnPc:Cgq OPV
cells respectively. A comparison with the best performing
(in terms of the PCE of an ITO based OPV device) OPV
devices are 83.3% for the conjugated polymer P3BHT:PCBM
device [9] and 93% for small molecule CuPc:Cgq (similar
absorption spectrum as ZnPc:Cgo) device [10] indicates that
our optical simulation is able to predict the upper limit of the
performance of multilayer graphene electrodes in real OPV
devices. Thus, we would expect that there are still some room
for improvement in the processing of graphene to improve the
sheet resistance of the doped graphene synthesized to that of
the roll-to-roll graphene sheets fabricated in Ref. [16].

In terms of angular response, the absorption in the active
layers of both organic bulk heterojunction solar cell considered
here are comparable for monolayer graphene and ITO but
graphene seems to have a slight advantage for obliquely in-
cident light around 45 degrees. Monolayer graphene performs
better for obliquely incident light because graphene allows
more light to pass through at all angles as it is very thin,
whereas optical interference plays a more important part for
ITO and the thickness of ITO is chosen such that the absorp-
tion in the active layer is maximized for normally incident
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light only. With four-layer doped graphene as the transparent
electrode, the angular performance for both P3BHT:PCBM and
ZnPc:Cgy OPV devices with doped graphene electrode are
poorer than using ITO as the transparent electrode, mainly
due to increased absorption (i.e. decreased transmittance)
through the four-layer graphene electrode. Thus, we should
be mindful that having multiple layers of graphene, with low
sheet resistance, as the transparent electrode in OPV devices
also reduce the angular absorption of the solar irradiation as
compared to ITO.

Last but not least, we observed from the spectral absorp-
tion plots in Figs. 3(d) and 5(d) for both P3HT:PCBM and
ZnPc:Cgg OPV devices and found that graphene performs
better for the small molecule ZnPc:Cgy device than for the
conjugated polymer P3HT:PCBM when compared to their re-
spective optimized ITO based device. This noted difference is
because optical interference provided by ITO not only induce
enhanced absorption in the active layer for certain wavelength
range (i.e. 400-440nm and 640-660nm for P3HT:PCBM and
390-440nm for ZnPc:Cgp), but also reduce absorption for other
wavelength range (i.e. 350-380nm for P3HT:PCBM and 450-
70nm for ZnPc:Cgy) Graphene, on the other hand, allows
rather uniform transmission over the whole optical spectrum
and its own absorption is the only limiting factor. Therefore,
P3HT:PCBM which have a narrow wavelength of absorption
(~ 350-650nm) will benefit more from optical interference by
ITO as compared to ZnPc:Cgy OPV device which have a much
wider range of absorption (~ 350-750nm). Thus, we would
expect graphene to outperform ITO as a transparent conductor
for organic solar cells with active materials that have a much
broader absorption spectrum than ZnPc:Cgy OPV device as it
allow light of a broad range of wavelengths to reach the active
layer more effectively as compared to limited enhancement
(with some trade-offs) by optical interference with ITO.

VI. SUMMARY

In summary, we have based our computation of the di-
electric permittivity of graphene on experimentally determined
sheet resistance for doped graphene by roll-to-roll processing
(which is a promising technology for large scale production
of substrate for organic solar cells). From a purely optical
perspective, it has been shown that monolayer to four-layer
doped graphene sheets has higher or comparable light trans-
mittance than ITO. Considering the best case scenario, where
the effect of sheet resistances are ignored, monolayer graphene
as the transparent electrode gives the same performance as an
optimized ITO electrode. For practical purposes, we have also
considered four-layer graphene where the sheet resistance is
similar to current ITO deposition technology at ~ 309 /0.
Our findings predict that replacing ITO with four-layer doped
graphene in both P3HT:PCBM and ZnPc:Cg organic solar cell
yields slightly poorer (or 92% and 98%) optical performance
as compared to the typical ITO transparent electrode. While
it is not possible to have better performance by replacing ITO
with four-layer graphene, we found that the optical absorption
in the active layer for ZnPc:Cgy OPV devices (with a doped
graphene) is better than that of the P3HT:PCBM device

700

600
Wavelength [nm]

500

Fig. 6. (Color online) Real and imaginary part of the relative dielectric
permittivity (e)of Zinc phthalocyanine (ZnPc), Carbon-60 fullerene (Cgp) and
4,7-diphenyl-1,10-phenanthroline (Bphen) for wavelengths 350-800nm.

(with the same doped graphene electrode) when compared
to their counterpart with ITO electrode. In addition, we note
that monolayer graphene electrode has comparable angular
response as ITO, and the more practical four-layer graphene
electrode can still performs at a maximum of 98% of the
typical ITO electrode for all angles of solar illumination. Thus,
from an optical perspective, graphene is indeed a viable alter-
native to ITO (i.e. four-layer graphene with sheet resistance of
~30Q /0 have more than 90% the performance of optimized
ITO electrode) for both P3HT:PCBM and ZnPc:Cgqy OPV
devices considered here.
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APPENDIX

The dielectric permittivities of all the materials (except
graphene) used in this manuscript is measured using variable
angle spectroscopic ellipsometry. The real and imaginary parts
of the relative dielectric permittivity of ZnPc:Cgp, Cgo, Bphen,
are shown in Fig. 6(a) and (b) respectively.
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