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P
olymer solar cells undoubtedly hold

tremendous potential for solution-

processable, inexpensive photovolta-

ics on flexible plastic substrates.1�5 The

most promising organic photovoltaics

(OPVs) are based on random dispersion of

acceptors in the form of organic or inor-

ganic nanostructures within a conjugated

polymer matrix, which acts as the donor

phase. The interfaces at the acceptor nano-

structures and the donor host polymer ma-

trix create bulk heterojunctions (BHJs),

which provide a large number of sites for

charge separation and bicontinuous path-

ways for efficient carrier transport.6�8 Al-

though numerous combinations of accep-

tors and donors have been reported,9�14 the

most popular BHJ polymer solar cells con-

sist of poly(3-hexylthiophene) (P3HT) and

fullerene derivative phenyl-C61-butyric acid

methyl ester (PCBM) blends. The mecha-

nisms for achieving high photovoltaic effi-

ciencies in excess of 6% in P3HT:PCBM BHJ

devices are well-established.15 However,

several key components remain unresolved

and must be addressed if the theoretical ef-

ficiencies of �10% are to be realized.16 For

example, in a simple BHJ device, both the

donor and acceptor phases are in direct

electrical contact with the cathode and an-

ode electrodes, leading to recombination of

carriers and current leakage. To minimize

such detrimental effects, electron blocking

and hole transport layers (HTLs) are depos-

ited on top of the transparent and conduct-

ing indium tin oxide (ITO) anode. HTLs must

be wide band gap p-type materials, and

several inorganic materials such as V2O5 and

MoO3
17 have been reported with NiO be-

ing the most effective, yielding efficiencies

greater than 5%.18 However, inorganic HTLs

are deposited using vacuum deposition

techniques that are incompatible with

solution-processable printable electronics

advantages of OPVs.

Thus, the most commonly employed

HTL in polymer solar cells is semiconduct-

ing PEDOT:PSS between the ITO anode and

the active layer. PEDOT:PSS has the advan-

tages that it is deposited from solution and

serves to minimize the detrimental effects

of ITO roughness as well as to align the

work functions of P3HT and ITO for more ef-

ficient collection of holes. However, PEDOT:

PSS is usually deposited from highly acidic

(pH �1) aqueous suspensions that are

known to corrode ITO at elevated tempera-

tures19 and can also introduce water into

the active layer, degrading the device per-

formance.20 Our research is motivated by

the need to overcome the limitations of PE-

DOT:PSS as the HTL by finding a suitable

solution-processable alternative that is

compatible with OPV materials and fabrica-

tion techniques. Here we demonstrate the

utilization of chemically derived graphene

oxide (GO) thin films as the HTL in OPVs. The

GO thin films are deposited from neutral

aqueous suspensions and yield efficiency
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ABSTRACT The utilization of graphene oxide (GO) thin films as the hole transport and electron blocking layer

in organic photovoltaics (OPVs) is demonstrated. The incorporation of GO deposited from neutral solutions

between the photoactive poly(3-hexylthiophene) (P3HT):phenyl-C61-butyric acid methyl ester (PCBM) layer and

the transparent and conducting indium tin oxide (ITO) leads to a decrease in recombination of electrons and holes

and leakage currents. This results in a dramatic increase in the OPV efficiencies to values that are comparable to

devices fabricated with PEDOT:PSS as the hole transport layer. Our results indicate that GO could be a simple

solution-processable alternative to PEDOT:PSS as the effective hole transport and electron blocking layer in OPV

and light-emitting diode devices.
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values that are comparable to devices fabricated using

PEDOT:PSS.

Recently, interest in incorporating graphene into or-

ganic photovoltaics has been increasing, particularly as

the transparent and conducting electrode.21�24 Indeed,

good power conversion efficiencies have been ob-

tained from chemical vapor deposited (CVD) graphene

as the hole collection electrode.24 In addition, the re-

placement of PCBM with reduced GO has been

reported.25�27 These results and our present study on

using GO as the hole transport layer provide the basis

for the development of OPVs based on an all-carbon

platform.

Graphene oxide is a graphene sheet functionalized

with oxygen groups in the form of epoxy and hydroxyl

groups on the basal plane and various other types at

the edges.28�30 The C�O bonds are covalent and thus

disrupt the sp2 conjugation of the hexagonal graphene

lattice, making GO an insulator. The electronic struc-

ture of GO is heterogeneous due to presence of mixed

sp2 and sp3 hybridizations and therefore cannot be

readily explained by traditional valence and conduc-

tion band states.31 Rather, lateral transport occurs by

hopping between localized states (sp2 sites) at the

Fermi level.32 The density of such localized states can

be increased by removing oxygen using a variety of

chemical and thermal treatments, which facilitate the

transport of carriers,33�35 making reduced GO a

semimetal.32,33

In this study, we report the use of nonreduced GO

thin films with lateral resistivity values in excess of 105

�/cm as the hole blocking layer in P3HT:PCBM OPVs. It

must be clarified that the vertical resistivity of nonre-

duced GO is an order of magnitude lower (�103�104

�/cm) than the lateral resistivity. This is attributed to

the fact that the sp2 clusters are isolated laterally but are

in contact with the electrodes in a sandwich metal/GO/

metal structure. Thus, carriers (both holes and elec-

trons) can be injected and transported via the isolated

sp2 clusters with relative ease in a sandwich device

structure. However, because the density of the isolated

sp2 clusters is sufficiently low in nonreduced GO, the

vertical resistivity is substantial and the conduction and

valence bands of the sp3 sites dictate the transport.

GO was obtained from purified natural graphite

powder (SP-1, Bay Carbon) using the modified Hum-

mers method.36 A concentration of 8 mg/mL was pre-

pared for deposition of GO thin films. The GO sheets in

our groups have been analyzed using numerous ana-

lytical techniques and reported in several

publications.22,30�32,37�41 Here we show typical transmis-

sion electron microscopy (TEM) and diffraction results

to confirm the structure of GO sheets in as-prepared

suspensions. A TEM image of a GO sheet and the corre-

sponding selected area electron diffraction pattern

(SAED) are shown in Figure 1a,b and. The 6-fold symme-

try in the diffraction pattern is consistent with the hex-

agonal structure, and the relative intensity of the inner

Figure 1. (a) TEM image of as-prepared GO sheet on a lacey carbon support. (b) SAED pattern; the diffraction spots are la-
beled with Miller�Bravais indices. (c) Relative intensity profile obtained from the diffraction pattern in (b).
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11̄00-type and outer 21̄1̄0-type reflections shown in

Figure 1c are consistent with that of a monolayer.42

To investigate the hole transport properties of GO in

OPVs, uniform thin films were deposited on top of ITO-

coated glass by spin coating. Atomic force microscope

(AFM) topography images of GO thin films of three dif-

ferent thicknesses on ITO are shown in Figure 2a�c. The

lateral dimensions of GO flakes ranged from 1 to 10

�m. GO thin films with three different thicknesses were

deposited. The average thicknesses of the three

samples were estimated to be �2, �4, and 10 nm with

corresponding rms roughness values of 0.70, 0.97, and

1.40 nm, respectively. These values are lower than the 3

nm rms roughness of bare glass/ITO substrate, indicat-

ing that the deposition of GO layers serves to planarize

the anode surface. The recent developments in deposi-

tion of very uniform thin films with thickness values

ranging from a single monolayer to several layers over

large areas make it straightforward to incorporate GO as

HTL in OPVs.21�24,31�33,41 The optical transmission spec-

tra of GO layers with various thicknesses deposited on

ITO/glass substrates shown in Figure 2d reveal that, al-

though the transmittance decreases slightly with thick-

ness the GO thin films do not significantly alter the

transparency of ITO.

As mentioned above, the heterogeneous sp2/sp3

structure of GO makes it difficult to assign a specific en-

ergy for the band gap. Since conduction in GO and re-

duced GO occurs via tunneling between sp2 sites,31 the

band gap represents potential barriers for transport

formed by covalent sp3 bonds. That is, in as-synthesized

GO, the sp3 fraction can be as high as 60% so that the

sp2 domains are nonpercolating, which prevents con-

duction.31 To obtain information about the sp3 poten-

tial barriers, the optical gap of GO can be obtained from

the Tauc plot43 using the relation �h� � (h� � Eg)1/2,

where � is the absorption coefficient and hv is the pho-

ton energy, and Eg is the optical gap. The Tauc plot for

the 2 nm thick GO films shown in the inset of Figure 2d

indicates that Eg is �3.6 eV. This value is comparable

to the experimental band gap energy of highly efficient

NiO hole transport layer reported in ref 18.

For the fabrication of OPV devices (area � 0.1 cm2),

the GO thin films were moved into a nitrogen-purged

glovebox for deposition of the organic layer and top

electrode. The photoactive layers were deposited on

top of the GO thin films by spin coating using a 1:0.8

weight ratio blend of P3HT:PCBM dissolved in chlo-

robenzene. The film thickness of the photoactive layer

was maintained at 200 nm. Al cathodes were then de-

posited onto the blend layer by thermal evaporation at

a pressure of 2 	 10�6 Torr. In this study, we have not

utilized LiF layers below the Al cathodes. The photovol-

taic device structure consisting of ITO/GO/P3HT:

PCBM/Al layers is shown in Figure 3a. The band ener-

gies of the ITO, P3HT:PCBM, and Al layers are well-

known, while the work function of GO thin films was de-

termined by scanning Kelvin probe microscopy. The

average work function values obtained from measure-

ments on 10 different GO thin film samples was found

to be 4.9 eV, slightly higher than typical values (4.6 eV)

obtained for pristine graphene.44 The higher values for

Figure 2. AFM height images of GO thin films with thicknesses of approximately (a) 2 nm, (b) 4 nm, and (c) 10 nm. (d) Cor-
responding optical transmission spectra of the three GO films deposited on ITO/glass substrates. The inset shows the Tauc
plot of the 2 nm thick GO thin film.
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GO are most likely due to the larger electronegativity

of O atoms, which produce surface C
��O
� dipoles via

extraction of � electrons from graphene.45 On the ba-

sis of the Kelvin probe and optical band gap measure-

ments, the corresponding energy levels of each compo-

nent are shown in Figure 3b, although knowledge

regarding the position of the Fermi level and exact

alignment of energy bands of GO with ITO require fur-

ther analysis. In addition to GO devices, a set of two

other devices was fabricated for comparison. One set

was ITO-only control devices consisting of ITO/P3HT:

PCBM/Al structure, and the other was the conventional

OPVs incorporating 30 nm PEDOT:PSS as the hole trans-

port layer with the following structure: ITO/PEDOT:PSS/

P3HT:PCBM/Al.

The photovoltaic characteristics of the fabricated de-

vices were characterized under simulated A.M. 1.5 illu-

mination at 100 mW/cm2. The current�voltage plots of

the devices are shown in Figure 4a. The average short-

circuit current density (Jsc), open-circuit voltage (Voc),

fill factor (FF), and power conversion efficiency values

for each set of devices are summarized in Table 1. It can

be seen that the ITO-only device exhibits average

power conversion efficiency (
) of 1.8 � 0.2%. The in-

sertion of a 2 nm thick GO thin film between ITO and

P3HT:PCBM results in a substantial increase in Jsc, Voc,

and FF, leading to an enhancement in the power con-

version efficiency (
) to 3.5 � 0.3%. For comparison,

typical device performance of ITO/PEDOT:PSS/P3HT:

PCBM/Al with efficiency values of around 3.6 � 0.2% is

also shown in Figure 4a.

In addition to comparisons with control devices, we

have also investigated the influence of GO film thick-

ness on the OPV characteristics, the results of which are

shown in Figure 4b. A clear trend of decreasing power

conversion efficiency with increasing GO film thickness

can be observed. The thinnest film yielded the best re-

sults, most likely due to the increase in serial resistance

resulting in lower Jsc and FF and the slightly lower trans-

mittance of the films with thickness. The correspond-

ing device characteristics are also summarized in Table

1. The overall efficiencies of devices incorporating GO

and PEDOT:PSS are within the measurement errors and

also variability in device fabrication procedure. The

above results clearly indicate that GO thin films are

very promising as the hole transport layers in OPVs.

To obtain insight into the recombination rate and

mechanisms in the GO HTL devices, we performed tran-

sient open-circuit voltage decay (TOCVD) measure-

ments. Briefly, in TOCVD measurements, devices are il-

luminated by white light and operated at the steady-

state Voc condition, which can be adjusted by varying

the intensity of the bias light. Since no charge is col-

lected at Voc, carriers generated by the short laser pulse

have finite lifetimes, �, before recombining as indi-

Figure 3. (a) Schematic of the photovoltaic device structure
consisting of the following: ITO/GO/P3HT:PCBM/Al. (b) En-
ergy level diagrams of the bottom electrode ITO, interlayer
materials (PEDOT:PSS, GO), P3HT (donor), and PCBM (accep-
tor), and the top electrode Al.

Figure 4. (a) Current�voltage characteristics of photovol-
taic devices with no hole transport layer (curve labeled as
ITO), with 30 nm PEDOT:PSS layer, and 2 nm thick GO film.
(b) Current�voltage characteristics of ITO/GO/P3HT:
PCBM/Al devices with different GO thickness. All of the mea-
surements were under simulated A.M. 1.5 illumination at
100 mW/cm2.

TABLE 1. Summary of Typical Photovoltaic Parameters of

the Control and GO HTL Devices

Voc (V) Jsc (mA cm�2) FF (%) � (%)

ITO only 0.45 9.84 41.5 1.8 � 0.2

PEDOT:PSS 0.58 11.15 56.9 3.6 � 0.2

GO (2 nm) 0.57 11.40 54.3 3.5 � 0.3

GO (4 nm) 0.57 10.22 33.9 2.0 � 0.2

GO (10 nm) 0.59 7.84 18.8 0.9 � 0.2
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cated by the transient decay of the photovoltage. The

recombination rate, krec, is therefore proportional to 1/�.

The charge recombination rate constants versus illumi-

nation intensities for the three types of devices tested in

this study are shown in Figure 5a. The photovoltage de-

cay curves of the three devices under 100 mW/cm2 illu-

mination are shown in the inset. The decay lifetimes

for ITO-only, PEDOT:PSS HTL, and thin GO HTL devices

were found to be 8.1, 9.6, and 11.6 �s, respectively. The

longer recombination lifetimes in GO indicate lower re-

combination rates, suggesting effective suppression of

leakage current and separation of carriers via efficient

transport of holes to ITO and blocking of electrons.

We now briefly consider the hole transport mecha-

nism in GO. From the band diagram (Figure 3b), it can

be seen that the low injection barrier between the GO

and P3HT allows holes to be readily injected into the

GO for collection by the ITO electrode. It can be further

surmised that the large band gap (�3.6 eV) of GO hin-

ders transport of electrons from the PCBM LUMO to the

ITO anode, acting as an effective electron blocking

layer. Unlike PEDOT:PSS, nonreduced GO is insulating

(or at least a wide band semiconductor), and in contrast

to NiO, where transfer of holes to ITO is facilitated by in-

jection into Ni2� defect levels close to the valence band,

such p-type behavior is not observed in clean GO in our

transport measurements.18,31,32 The presence of iso-

lated sp2 clusters near the Fermi level should facilitate

the transfer of both electrons and holes to ITO and

therefore does not contribute to the enhancement in

efficiency. The energy level diagram in Figure 3b sug-

gests that injection of holes into the valence of GO is fa-

vorable, but the exact configuration of the band align-

ment requires further investigation.

In summary, we have demonstrated that the thin-

nest GO thin films (thickness � 2 nm) deposited from

neutral solutions are effective hole transport layers in

organic photovoltaics. The efficiency values of devices

obtained with GO HTLs are comparable to devices fab-

ricated with PEDOT:PSS. Band alignment energies ob-

tained from optical gap and work function measure-

ments of the GO thin films demonstrate that hole

transport and electron blocking is facilitated. Further

optimization of GO via the use of nonaqueous samples

into OPVs should lead to additional improvements in

the device performance as well as the lifetime.

EXPERIMENTAL SETUP

UV�visible absorption spectra were obtained using a Jasco

V-570 UV/vis/NIR spectrophotometer. Current�voltage charac-

teristics (Keithley 2410 source meter) were obtained by using a

solar simulator (Newport Inc.) with the A.M. 1.5 filter under irra-

diation intensity of 100 mW/cm2. For the transient open-circuit

voltage decay (TOCVD) measurements, the devices were mea-

sured at open-circuit condition under illumination from the so-

lar simulator with adjustable intensities. A small perturbation

generated by a pulse from a frequency-double Nd:YAG pulsed la-

ser (� � 532 nm, repetition rate � 10 Hz, a duration � 5 ns)

was used. The transient decay signals were recorded by a digi-

tal oscilloscope (Tetronix TDS5052B). The samples were mounted

in a vacuum chamber under 10�3 Torr during measurement.

The work function was measured by scanning Kelvin probe mi-

croscopy (SKPM) (Innova, Vecco Inc.). For all measurements, Pt/

Ir-coated cantilevers were used.
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