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Hole and Electron Extraction Layers Based on Graphene
Oxide Derivatives for High-Performance Bulk

Heterojunction Solar Cells

Jun Liu, Yuhua Xue, Yunxiang Gao, Dingshan Yu, Michael Durstock, and Liming Dai*

Graphene, having a single-atom-thick sheet of carbon atoms
packed in a 2D honeycomb lattices,['?l possesses excellent elec-
tronic, thermal, and mechanical properties attractive for a large
variety of potential applications, including transparent elec-
trodes and/or active materials in electronic devices, solar cells,
supercapacitors, batteries, fuel cells, actuators, and sensors.>~
Graphene has also been found to be useful as the platform of
biomedical sensors.'% The recent availability of solution-
processable graphene by exfoliation of graphite into graphene
oxides (GOs), followed by solution reduction, has allowed the
functionalization, characterization, and processing of graphene
sheets via various solution methods. It has been demonstrated
that GO consists of epoxy and hydroxyl groups on the basal
plane and carboxylic groups at the edge.l'’!2l The C-O bonds
on the basal plane disrupt the conjugation of the hexagonal
graphene lattice to render GO insulator or semiconductor. Due
to strong interactions between the hexagonally sp?-bonded
carbon layers in graphite, the solution oxidation of graphite
requires strong oxidizing reagents (e.g., HNO3;, KMnO,, and/
or H,S0,4) under harsh conditions.!**l This often leads to severe
damage to the carbon basal plane, and hence a poorly defined
electronic structure. It remains a big challenge to design
GO-based materials with controlled electronic properties for
high-performance device applications. Further to our work on
functionalization of graphene (oxide),'3® we have recently
found that simple charge neutralization of the -COOH groups
in GO with Cs,COj; could tune the electronic structure of GO,
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making GO derivatives useful as both hole- and electron-extrac-
tion layers in bulk heterojunction (BH]J) solar cells.

BHJ solar cells with a layer of electron donor/acceptor (e.g.,
poly(3-hexylthiophene) (P3HT):[6,6]-phenyl-Cg;-butyric  acid
methyl ester (PCBM)) blend forming a bicontinuous network
between cathode and anode have recently received great atten-
tion due to their relatively high energy-conversion efficiency
and low production cost.'*-3% Under operation, the two elec-
trodes with different work functions create an internal built-in
field to facilitate holes to transport towards and be collected
on the high work function electrode (anode) while electrons
to transport towards and be collected on the low work func-
tion electrode (cathode). For high-performance solar cells,
work functions of the cathode and the anode need to match
the LUMO level of the acceptor and the HOMO level of the
donor, respectively, to reduce energy barriers for electron- and
hole-extraction. The energy barriers between the active layer
and electrodes can often be effectively reduced by electron-/
hole-extraction layers at the cathode/anode (see Figure 1).20:21]
Examples of the hole-extraction layer includes conductive poly-
mers (e.g., poly(styrenesulfonate) doped poly(3,4-ethylenedi-
oxythiophene), PEDOT:PSS),?! self-assembled organic mole-
cules,?? and vacuum deposited inorganic metal oxide layer
(e.g., MoOj3, V,0s, NiO).2%24 On the other hand, certain metal
fluorides, 2! n-type semiconductors (e.g., TiO,, TiO,, Zn0),12>2¢
n-type organic semiconductors (e.g., 2,9-dimethyl-4,7-diphenyl-
1,10-phenanthroline, BCP),?”] and conjugated polymer elec-
trolytes?®l have been used as the electron extraction layer. The
work function of a hole-extraction material should be relatively
high to allow for the built-in electrical field across the active
layer and for holes to transport towards the anode. Similarly,
an electron extraction layer needs to have a low work function
for electrons to efficiently transport to the cathode. To our best
knowledge, no single material system has been demonstrated
to serve as both hole-extraction layer and electron-extraction
layer due to the stringent requirement on the work function.
If realized, the single hole-/electron-extraction material system
could not only simplify the materials design and device fabrica-
tion but also allow for a precise control of the energy barrier for
electron- and hole-extraction by tuning its work function via,
for example, controlled functionalization.

Herein, we report our recent finding on functionalization
of GO to produce both hole- and electron-extraction materials
for BHJ solar cells. Scheme 1 shows the chemical structures
of the hole-extraction GO and the electron-extraction Cesium-
neutralized GO (GO-Cs), in which the periphery —COOH
groups in GO were replaced by —-COOCs groups through
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(a) Al (cathode)

GO-Cs

P3HT/PCBM

GO

ITO (anode)

normal device
3.0eV

ITO ITO/GO P3HT:PCBM GO-Cs/Al Al

Figure 1. Device structures (a) and energy level diagrams (b) of the normal device and the
inverted device with GO as hole-extraction layer and GO—Cs as the electron-extraction layer.

charge neutralization. GO itself has the work function of 4.7 eV,
which matches the HOMO level of P3HT for hole extraction
(see Figure 1). Moreover, the periphery -COOH groups in GO
can dope P3HT of the active layer at the interface to facilitate an
Ohmic contact for hole extraction. By replacing the periphery
—COOH groups with the -COOCs groups through charge neu-
tralization (Scheme 1), the work function of the GO-Cs modi-
fied Al can be reduced to 4.0 eV, which matches the LUMO level
of PCBM for efficient electron-extraction (see Figure 1). Thus,
the controlled functionalization demonstrated here renders
GO derivatives to be the first single electron-/hole-extraction
material system, which could open avenues to the design and
development of novel electron-/hole-extraction materials from
carbon and many other materials. As we shall see later, their
charge-extraction performance is fairly comparable to those
of the state-of-art hole- and electron-extraction materials cur-
rently used in BH]J solar cells. The relatively weak light absorp-
tion characteristic of GO and GO-Cs, together with their good
solution-processability for ultrathin film formation (ca. 2 nm,
vide infra), facilitates light transmission to the active layer

Cs,CO
2 3 c

COOCs
GO-Cs, electron extraction

COOH COOH

Scheme 1. Chemical structures and synthetic route of GO and GO-Cs.
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for further improved device performance.
Graphene thin films synthesized by chemical
vapor deposition (CVD) have recently been
GO proved to be efficient hole- and electron-
collecting electrodes in BH]J solar cells(*!32
while BHJ solar cells with all-carbon active
layer have also been demonstrated.[33l There-
fore, our present work on the GO/GO-Cs
hole-/electron-extraction materials, coupled
with these earlier publications, holds promise
for developing all-carbon flexible solar cells.

In a typical experiment, GO was synthe-
sized according to the modified Hummer’s
method.l'¥l The -COOH groups of GO were
neutralized with Cs,CO; in an aqueous solu-
tion to readily afford GO-Cs (Scheme 1).
GO-Cs was then thoroughly purified by
repeatedly dissolving in water and filtra-
tion through 0.2 um polyvinylidene fluoride
(PVDF) membrane. The neutralization was
confirmed by the pH value of 0.1 mg mL™!
aqueous solution of GO (pH = 4.34) and
GO-Cs (pH = 8.39). The resulting GO and
GO-Cs were characterized by X-ray photo-
emission spectroscopy (XPS), atomic force
microscopy (AFM), Raman spectroscopy,
Fourier-transform infrared (FTIR) spectroscopy, X-ray diffrac-
tion (XRD), and thermogravimetric analysis (TGA).

Figure 2a,b show typical AFM images of GO and GO-Cs spin-
coated from 0.5 mg mL™ aqueous solution on Si substrates. We
can clearly observe individual single layer graphene oxide sheets
with thickness of about 1 nm and lateral dimension of several
hundred nanometers. No particle was observed in the AFM
image of GO-Cs, implying the absence of residual Cs,CO;. The
content of Cs* in GO-Cs was estimated to be 6.7 mol% from the
XPS spectra (Figure 2c). Figure S1 (Supporting Information, SI)
shows the high-resolution Cls spectra for GO and GO-Cs. The
relative intensity of C-O and COOH bands decreased upon addi-
tion of Cs,CO; to form GO-Cs. Similar spectroscopic changes
had been observed by neutralizing GO with KOH.*Y The nearly
identical Raman spectra of GO-Cs and GO (SI, Figure S2) indi-
cate that the introduction of Cs* did not cause much change of
carbon skeletons in the graphene oxide basal plane due to the
edge-functionalization. As reflected by the disappearance of the
XRD diffraction peak (SI, Figure S4), however, the introduction
of Cs* into the semicrystalline GO solid turned it into amor-
phous. This is because the ionic interaction
of -COO™ and Cs* during the functionaliza-
tion of GO overwhelmed the 77 interaction
of graphene plane and caused further exfolia-
tion of GO into individual graphene sheets in
GO-Cs. The bandgap of GO and GO-Cs were
estimated to be 2.74 eV and 1.79 eV, respec-
tively, from their UV-vis absorption spectra
(SI, Figure S5).

The device fabrication and characteriza-
tion details are provided in the Experimental
Section. For all the devices using GO and
GO-Cs, the thickness of the GO layer and

COOCs

COOCs
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hole-extraction layer exhibit much improved
device performance with respect to device A.
Moreover, device B and C also show much
reduced dark current than that of device A
(SI, Figure S8). The GO-based device C per-
forms slightly better than PEDOT:PSS-based
device B, implying that GO is an excellent
hole-extraction material for BHJ solar cells.
To evaluate the ability of GO-Cs as the
electron-extraction layer, we fabricated four
devices (device B, D, E, F in Table 1) with
the same anode (ITO), hole-extraction layer
(PEDOT:PSS), active layer (P3HT:PCBM),
and cathode (Al), but with no (device D), LiF

5nm

C) Cs3d5

Cs3d3

(device B), Cs,CO; (device E), and GO-Cs
(device F) as the electron-extraction layer.
Comparing with device D without electron-
extraction layer (Figure 3b, SI, Figure S8b
and Table 1), the reference device B with
the LiF layer shows similar Jsc and FF, but
higher V¢ and PCE, as well as lower dark
current, indicating the important role of the
electron-extraction layer. In consistence with
previously reported results,*l the Cs,CO;-
based device E exhibits slightly lower J . and
PCE than those of the reference device B.
The device based on GO-Cs as the electron-
extraction layer (device F) exhibits fairly com-
parable V., Ji, FF, and PCE with the refer-
ence device B based on LiF. These results
clearly show the great capability of GO-Cs
as electron-extraction material in BHJ solar
cells.

0 300 600
Binding energy (eV)

Figure 2. AFM images of a) GO and b) GO-Cs on silicon substrates. c) XPS profiles of GO

and GO-Cs.

the GO-Cs layer are both fixed to be about 2 nm. The refer-
ence polymer solar cell has the configuration of indium tin
oxide (ITO)/PEDOT:PSS/P3HT:PCBM/LiF/Al, in which the
PEDOT:PSS is the hole-extraction layer and LiF is the electron-
extraction layer, PSHT/PCBM blend is the active layer, ITO acts
as anode and Al acts as the cathode.

To investigate the hole-extraction ability of GO, we compared
three devices (device A, B, C in Table 1) with the same active
layer (P3HT:PCBM), cathode (Al), electron-extracting layer
(LiF), and anode (ITO), but with no (device A), PEDOT:PSS
(device B) and GO (device C) as the hole-extraction layer. The
current density—voltage curves (J-V) of these devices under
simulated AM1.5G illumination at 100 mW cm™ are shown
in Figure 3a while the corresponding open-circuit voltage
(Voc), short circuit-current density (Jsc), fill factor (FF) and
power-conversion efficiency (PCE) are listed in Table 1. The
device A without a hole-extraction layer shows a very limited
photovoltaic efficiency. In contrast, device B and device C with

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The great hole-/electron-extraction capa-
bility of GO/GO-Cs are mainly attributable
to their work functions. The work functions
of GO and GO-Cs on Al, as measured by
Kelvin probe force microscopy (KFM), are
4.6-4.8 eV and 3.9-4.1 eV, respectively. The
observed work function difference is due to
possible intramolecular charge-transfer from
Cesium to GO component in GO-Cs, which reduces the work
function. Besides, Cesium salts, such as Cs,CO; and CsF, have
been reported to lower work function of Al cathode due to the
formation of Cs—O-Al structure.l>3% Similar Cs—O-Al struc-
ture formation may also work for GO—Cs. Because of the work
function match between GO—-Cs and the LUMO level of PCBM,
GO-Cs modified electrode can form an Ohmic contact with the
P3HT:PCBM active layer for efficient electron extraction. On
the other hand, the work function of GO matches the HOMO
level of P3HT to form an Ohmic contact with the P3HT:PCBM
layer for efficient hole extraction. As proposed by Jen et al.,}7-3]
GO with acidic COOH groups could dope P3HT at their inter-
face to facilitate the Ohmic contact formation. The newly-
appeared long wavelength absorption band (650-900 nm)
in the absorption spectra of GO/P3HT bilayer (SI, Figure S7)
seems to support the interfacial doping in the present work.
In addition to the above work function consideration, a low
resistance of charge extraction layer is also important for good
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Table 1. Device structures and performance of the BHJ solar cells studied.

www.advmat.de

No. Device structure Voc Jsc FF PCE

v [mA/cm?] %]
A ITO/P3HT:PCBM/LiF /Al 0.31 4.85 0.29 0.45
B ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al 0.61 9.67 0.52 3.15
C ITO/GO/P3HT:PCBM/LiF /Al 0.64 10.15 0.50 3.25
D ITO/PEDOT:PSS/P3HT:PCBM/AI 0.43 9.59 0.50 2.09
E ITO/PEDOT:PSS/P3HT:PCBM/Cs,CO;/Al 0.62 7.81 0.53 2.58
F ITO/PEDOT:PSS/P3HT:PCBM/GOCs/Al 0.62 9.81 0.50 3.08
G ITO/GO/P3HT:PCBM/GOCs/Al 0.61 10.30 0.59 3.67
H ITO/Cs,CO;3/P3HT:PCBM/PEDOT:PSS/Al 0.42 6.03 0.47 1.20
| ITO/GOCs/P3HT:PCBM/GO/AI 0.51 10.69 0.54 2.97

device performance. The basal plane of graphene oxide has
been reported to be amibipolar and can transport both elec-
trons and holes.*”) The conductivity of GO and GO-Cs, as
measured by a four-probe method, are 3.8 x 10 S m™ and
5.0 x 103 S m!, respectively. Table S1 (SI) lists the work
function and conductivity of electron-/hole-extraction
materials used in this study. We believe that the amibipolar
characteristics intrinsically associated with the graphene
oxide basal plane is another advantage for the application
of graphene oxide derivatives as both hole and electron
extraction layers.

The excellent hole-/electron-extraction capabilities demon-
strated above for GO/GO-Cs prompted us to construct BHJ
solar cells with both GO and GO-Cs. For this purpose, both
the normal device with the configuration of ITO(anode)/GO/
P3HT:PCBM/GO-Cs/Al(cathode) (device G, Table 1) and
inverted device with the configuration of ITO(cathode)/GO-Cs/
P3HT:PCBM/GO/Al(anode) (device I, Table 1) were inves-
tigated. Figure 1 shows the device structures and the energy
level diagrams. Figure 3c depicts the J-V curve for the device
G and Table 1 lists the corresponding characteristics, which
shows a V¢ of 0.61V, Jsc of 10.30 mA cm™2, FF of 0.59 and

PCE of 3.67%. The observed performance
for device G is even better than that of the

. a) /f . b) reference device B with the state-of-the-art
%0 £ %0 PEDOT:PSS and LiF interlayers, indicating
- b that GO and GO-Cs can work well in a
£-34 £-34 single device. Recently, inverted solar cells
= = with bottom transparent ITO as cathode
S 61 S 61 have received particular attention because
g g of their potential long lifetime at ambient
0 -9+ 0 -9+ conditions.??3% In the inverted device I, ITO
5 23 5 = S
o o is adjacent to the GO-Cs layer to act as the
-12 Py a2 i Py -12 Py 2 o o cathode for collecting electrons while Al is
: Voltage (V) : : voltage (V) : close to the GO layer and behaviors as the
anode to collect holes. The |-V curve of the
_101 C) _10- d) " device I is shown in Figure 3d and the corre-
£ £ sponding characteristics are listed in Table 1.
< 51 2 54 It gives a Vo 0f 0.51V, Jsc of 10.69 mA cm™2,
\E; / § FF of 0.54, and PCE of 2.97%. Thus, device
=0 =0 f I showed a much better performance
é é than that of the control inverted device H
< -5 2 -5+ with Cs,CO; electron-extraction layer and
g 9%) PEDOT:PSS hole-extraction layer. For these
510+ ~— ©10+ two devices with both GO and GO-Cs, the
06 03 00 03 06 06 03 00 03  oe inverted device I exhibited a lower Vo, and
voltage (V) voltage (V) hence a lower PCE than that of the normal

Figure 3. a) J-V curves of devices (ITO/interlayer/P3HT:PCBM/LiF/Al) with different hole-
extraction interlayers (Device A, B, C). b) J-V curves of devices (ITO/PEDOT:PSS/P3HT:PCBM/
interlayer/Al) with different electron-extraction interlayers (Device B, D, E, F). c) J-V curve of
the normal device with both GO and GO-Cs (i.e., device G). d) J-V curve of the inverted device

with both GO and GO-Cs (i.e., device I).
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device G. The observed good performance
with high maximum external quantum effi-
ciency (EQE) of 68% (SI, Figure S9) for both
the normal and inverted devices containing
GO and GO-Cs indicate that the charge
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extraction performance of GO and GO-Cs are independent
of the cathode and anode materials. Therefore, they should be
versatile hole-/electron-extraction materials useful for various
BHJ solar cells.

In summary, we have demonstrated, for the first time, that
simple charge neutralization of the -COOH groups in GO
with Cs,CO3 could reverse the charge extraction property in
BH]J solar cells. GO can act as an excellent hole-extraction
layer while its Cesium-derivative, GO-Cs, is an excellent elec-
tron-extraction material for BHJ solar cells, independent of the
anode and cathode materials. Their excellent charge extraction
performance can be attributed to their unique work functions,
coupled with the work function tunability simply through
charge neutralization of the periphery -COOH groups of GO
with Cs,CO; into COOCs groups, and the amibipolar trans-
porting ability of their basal plane. The normal and inverted
devices based on GO hole- and GO-Cs electron-extraction
layers both outperform the corresponding standard BH]J solar
cells with the state-of-the-art hole- and electron-extraction
layers. Therefore, the present study opens new avenues for
the design and development of novel charge extraction mate-
rials for high-performance solar cells and many other opto-
electronic devices.

Experimental Section

Synthesis of GO and GO-Cs: GO was synthesized by the modified
Hummer’s method published elsewhere.'¥l To an aqueous solution of
GO (1.0 mg mL™", 40 mL) was added Cs,CO; (0.50 g) in several portions.
Having been stirred at room temperature (20 °C) for 30 min, the
solution was filtered through a 0.2 um PVDF membrane. The solid was
then collected, dissolved in water (30 mL), and filtered. The dissolution/
filtration process was repeated for two times to afford GO-Cs as a dark
solid. Yield: 58 mg.

Device Fabrication and Measurements: 1TO glass substrates were
cleaned sequentially with detergent, deionized water, acetone and iso-
propanol, followed by drying with N, flow and UV-ozone treatment for
15 min. The interlayers and active layers of the devices were sequentially
deposited on the ITO glass using the following spin-coating conditions.
The GO layer was spin-coated from its solution in iso-propanol
(0.5mgmL™") at 2000 rpm for 60's, followed by heating at 150 °C for 10 min.
The GO-Cs layer was spin-coated from its solution in H,O/ethanol =
1/3 (0.5 mg mL™") at 2000 rpm for 60 s, followed by heating at 150 °C
for 10 min. PEDOT:PSS layer was spin-coated from the solution (Baytron
P VP Al4083 from H. C. Stark, filtered through 0.45 um PVDF syringe
filter) at 5000 rpm for 40 s, followed by heating at 140 °C for 10 min.
Cs,CO; interlayer was spin-coated from its solution in 2-ethoxyethanol
(0.4 mg mL™") at 2000 rpm for 60 s, followed by thermal annealing at
150 °C for 10 min. The active layer was spin-coated from the solution
of P3HT/PCBM = 1/1 in o-dichlorobenzene (15 mg mL™, filtered with
a 0.2 um PVDF syringe filter) at 700 rpm for 90 s, followed by thermal
annealing at 150 °C for 20 min. All the spin-coating processes were
carried out at ambient condition. The thickness of the GO, GO-Cs,
PEDOT:PSS, Cs,CO; and P3HT:PCBM are 2 nm, 2 nm, 30 nm, 2 nm
and 200 nm, respectively. After spin-coating of all the organic layers, the
devices were transferred to a vacuum chamber for thermal deposition of
Al (100 nm) with/without LiF (1 nm) at a pressure of 107 Torr. The area
of each device was 0.16 cm?, as determined by the overlap of the ITO
and the evaporated Al. The devices were tested in a N, glovebox using a
Keithley 2400 source meter and a Newport Oriel sol 2A solar simulator
(300 W). The light intensity was calibrated to be 100 mW cm=2 using
a calibrated Si solar cell, which had been standardized by the National
Renewable Energy Laboratory.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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