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Donor-acceptor-blended bulk-heterojunction (BHJ) solar
cells fabricated by low-cost printing technology offer
a number of advantages: They are robust, lightweight, and
flexible and can be produced in large area by roll-to-roll
manufacturing."™# During recent years, there have been
significant improvements in power conversion efficiency
(PCE) in BHJ solar cells because of the synthesis of specific
polymers and small molecules, the achievement of improved
nanomorphology through process control (by processing
additives), and the use of new architectures (e.g., the inverted
structure with specific transport layers)."'"! The electron-
transport layer (ETL) plays an especially important role in
enhancing the PCE with increased short-circuit current
density (Jsc), and fill factor (FF) in the device because of
improved charge transport and charge extraction. Moreover,
the ETL affects device stability as an oxygen scavenger that
can protect against degradation of BHJ in air.51-13)
Graphene is considered a promising conductive, high
strength, durable, and thermally stable carbon-based material
that is broadly applicable in optoelectronic devices.'*'°l We
have devised a method to transfer a graphene film by
stamping nanotechnology. Thus, graphene synthesized by
chemical vapor deposition (CVD) using a roll-to-roll process
can be transferred and deposited onto specific regions of
a substrate.'”) Since graphene features high conductivity and
excellent transparency, it can be directly used as an electrode
in organic emitting diodes and polymer solar cells.’*?!
Although the PCE of polymer solar cells must be improved,
the use of graphene as an ETL offers significant advantages to
the multilayer anode. Through simulations, we show that
graphene oxide based materials, in addition to serving as
efficient ETL, can enhance the harvesting of solar energy.
Finally, we explore and utilize the tunable work function
(WF) of graphene oxide (GO).?"*! Thus, we find that GO can
significantly improve the performance of BHJ solar cells.
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We successfully fabricated high-performance poly[N-9"-
heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1",3'-
benzothiadiazole)] (PCDTBT):[6,6]-phenyl C;; butyric acid
methyl ester (PC;;BM) BHI solar cells with stretchable GO
as the ETL by a stamping process using a transfer film
process. The PCE of the device with PCDTBT/PC,;BM BHJ
solar cells was initially reported to be 5.9%." Herein, we
demonstrate improvement in the PCE to 7.5 % using the new
ETL.

We fabricated the film using several simple steps. First,
graphene with a WF of —4.6 e VI'*?! is synthesized by CVD on
a copper foil. A thermal-release tape (TRT) is then attached
to the copper foil/graphene. Afterward, the copper foil is
removed by etchant, and the transfer film is prepared (see
Figure S1 in the Supporting Information) and continuously
reacted with HNOj to synthesize GO. The resulting GO film
(thickness of ~1nm) can be directly applied as the ETL
between the BHJ layer and the Al cathode. To induce better
contact between the GO layer and the BHJ, we applied
a uniform pressure (0.2 MPa) and carried out the stamping
process at elevated temperatures (80-90°C).

The transferred GO ETL improved the Jsc and PCE in the
BHJ because of efficient electron charge transport and
extraction from BHJ to Al cathode, thus causing the series
resistance to be reduced compared with the device without
the GO layer. Moreover, the device with sequentially
deposited GO and conventional titanium oxide (TiO,)
interlayer,'>>*% fabricated through stamping and spin-cast-
ing exhibits the highest performance demonstrated for
PCDTBT:PC;;BM BHIJ solar cells with PCE =7.5%. This
result originates from the synergistic effect of improved
charge transport and enhanced optical field amplitude
compared even to devices with single coated TiO, or GO.
The device with the GO ETL also shows long-term stability
comparable to that obtained with TiO, after storage in air for
30 days.[13‘24’26]

Figure 1 shows the device schematic and detailed fabri-
cation steps of the PCDTBT:PC;;BM BHJ solar cells with the
GO/TiO, ETL. The control-cell structure without the new
ETL layer consists of ITO-glass/poly(3,4-ethylenedioxythio-
phene): poly(styrenesulfonate) (PEDOT:PSS)/BHJ/Al. The
GO from the transfer film is well attached to the surface of
PCDTBT:PC;BM BHIJ (Figure 1a). After detaching the film,
the GO layer is transferred and uniformly coated on top of the
BHIJ (Figure 1b). Then, the TiO, layer is continuously spin-
coated onto the transferred GO (Figure 1c). Figure 1d
displays the final structure of BHJ solar cells after Al cathode
deposition. A detailed synthesis of GO, fabrication steps of
the transfer film, and devices are described in the Exper-
imental Section and in Figure S1 in the Supporting Informa-
tion.

Figure 2a shows the current density—voltage (J-V) curves
of the PCDTBT:PC,;;BM BHIJ solar cells with and without
ETLs, such as TiO, (~10 nm), GO (~1 nm), and GO/TiO,
(=11 nm). The device with TiO, exhibited a sharply
increased PCE of 7.02 % with improved Jgc =12.08 mA cm?
and FF =0.67, compared with the PCE of the control device
without an ETL layer, PCE =5.35% with Jgc =10.7 mA cm >
and FF =0.58. Because of the well-matched HOMO (8.0 eV)
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Figure 1. Schematic illustration and fabrication steps of BHJ solar cells
with an ETL of graphene oxide (GO) applied by stamping transfer.

a) Attachment of the transfer film on top of the BH) active layer;

b) after detachment of the film, the first ETL of GO is uniformly
transferred and coated onto the BH] layer; c) spin-casting of second
ETL of TiO, on top of GO; d) completed device structure after Al
deposition.

and LUMO (4.3¢eV) levels of TiO, with the BHI,*>!
electron transport and hole blocking is effective during the
device operation. Similarly, in case of the device with GO
between BHIJ and Al cathode, the PCE is 6.72% with
enhanced Jgc = 12.36 mA cm ? and FF = 0.63 after the stamp-
ing process. The improved Js- and PCE are possibly attributed
to a reduced electronic charge barrier between BHJ and GO
interface. The WF of GO (—4.3 eV)® is close to the LUMO
level of the fullerene acceptor, thus resulting in efficient
electron charge transport.

The surface morphology of PCDTBT:PC;,BM BHJ with
and without the ETL layers is shown in 3D images obtained
by atomic-force microscopy (AFM; Figure 3). The images
show uniformly percolated structures and flat surfaces with
root-mean-square (rms) roughness values of 0.3-0.7 nm.
Interestingly, there is a synergistic effect in BHJ solar cells
when the GO and TiO, are sequentially transferred and spin-
coated on top of the BHJ, because of the cascaded energy
levels (see Figure S2). Thus, the PCE exhibits the best value
of 7.50% (29 % increase) with Jgc=12.40 mA cm ™ and FF =
0.68 compared with the control cell without any ETL, and
with a single ETL: 24 % increase with TiO,, and 18 % increase
with GO. The data are summarized in Table 1. Moreover, the
device with the GO/TiO, ETL exhibits a reduced series
resistance (Rs) of 1.85 Qcm? compared with that without ETL

Figure 2. a) -V characteristics, and b) IPCE (in %) of devices from
PCDTBT:PC;BM BH]J without an ETL layer and with ETL layers of TiO,,
GO, and GO/[TIO,; c) J-V characteristics of the devices with ETLs of
one-, two-, and three-layer GO/TiO,; d) normalized PCE from device-
stability test under ambient conditions in air or N, atmosphere as

a function of time. w/o=without.
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Figure 3. AFM 3D images and rms values of PCDTBT:PC,;BM BH)
a) without ETL, b) with TiO,, ¢) with GO, and d) with GO/TiO,
interlayers (scan size=5 umx5 um).

Table 1: Device characteristics of PCDTBT:PC;,BM BH| without ETL, and
with ETLs of TiO,, GO, and GO/TiO,.

Device structure Voo Jsc FF PCE
\d [mAcm ™| [%]
ITO/PEDOT:PSS/BH)/Al 0.86 10.66 0.58 5.35
ITO/PEDOT:PSS/BH)/TiO,/Al 0.87 12.08 0.67 7.02
ITO/PEDOT:PSS/BH)/GO/Al 0.86 12.36 0.63 6.72
ITO/PEDOT:PSS/BH)/GO/TiO,/Al  0.88  12.40 0.68 7.50

(where R,=2.54 Qcm)?, R,=2.50 Qcm? with TiO,, and R,=
2.04 Qcm? with GO. The reduced R, is well correlated with
the enhanced Jg.. The high shunt resistance (Rg) was
obtained in the device with GO compared to the device
without the interlayer (see the J-V curves at the dark current
shown in Figure S3). Therefore, the GO layer plays an
important role in reducing Rg and increasing Ry, both of
which cause improvement in the PCE. The average PCE
values and PCE deviation of the devices without interlayers,
with TiO,, with GO, and with GO/TiO, were calculated from
more than ten devices (Figure S4) to demonstrate the
reproducibility.

Figure 2b shows the incident photocurrent conversion
efficiency (IPCE) corresponding to the J-V characteristics of
Figure 2a. To confirm the ETL effect of GO in the BHJ solar
cells, we selected the well known P3HT:PCBM system. As
shown in Figure S5, the device with GO also plays a role of
ETL because of the same tendency of enhanced Jy- and PCE
(11 % increase) compared to the device without GO.

To confirm the thickness dependence of the GO in the
BHI solar cells, the layer-by-layer transfer of GO (one-layer,
tow-layers, and three-layers) is used by sequential transfer
onto the BHJ. The device with single transferred GO/TiO,
exhibits best average PCE of 7.43% (open-circuit voltage
(Vo) =0.88, Jsc = 12.46 mA cm 2, FF = 0.68) while two-layer
GO/TiO, and three-layer GO/TiO, show gradually decreasing
PCE of 6.13% (Voc=0.83, Jsc=10.95 mA cm 2, FF=0.67),

Angew. Chem. 2013, 125, 2946 —2952

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

@ngewandte
Ch

and 5.06% (Voc=0.73, Jsc=10.89 mAcm2, FF=0.64),
respectively, as shown in Figure 2c and by the IPCE in
Figure S6. Thus, the sequential transfer has a negative effect
on the PCE of the devices because of the reduced V¢, which
possibly originates from unstable contact between the GO
layers. Furthermore, the thick GO will lead to an increased Rg
in the device.”! Therefore, optimized thickness and good
contact of the GO layer are important factors required to
obtain high-performance solar cells.

The BHJ devices with GO as the ETL exhibit higher long-
term stability with low efficiency decay when stored in air or
N, compared with the device without the ETL layer (see
normalized PCE data in Figure 2d). After 30 days, the device
without an ETL layer shows a sharp efficiency decay of 56 %.
However, BHJ devices fabricated with GO and GO/TiO,
exhibit relatively high stability; the PCE is reduced by only
3-4% after storage in air for 30 days (see Table S1). Thus, the
GO layer prevents the degradation of the device and offers
the promise of long-term operation similar to that observed
with TiO, as the ETL.[12+2

In order to clarify the influence of ETL layers on energy-
level alignment, ultraviolet photoelectron spectroscopy
(UPS) was employed. Figure 4a shows the UPS spectra for
the PCDTBT/PC;,BM films without interlayer (solid line)
and with interlayers (dashed/dotted lines). An examination of
the secondary electron cutoff (Egg) region (14-18 eV; Fig-
ure 4a, left) shows a shift in the vacuum level (E,,.), which is
affected by the magnitude of the interfacial dipole.”’! After
deposition of TiO,, GO, and GO/TiO, ETL layers, respec-
tively, on the BHJ, the shifts in the Eg; between the BHJ layer
and ETL layers changed significantly. The strongest interfa-
cial dipole was observed for the BHJ/GO/TiO, interface,
while the BHJ/GO interface exhibited the weakest interfacial
dipole.

The highest-occupied molecular orbital (HOMO) energy
levels (Eyomo) Were determined from the low binding energy
region (04 eV; Figure 4a, right). The energy difference
between Eyomo and the zero binding energy corresponds to
the hole injection barrier (@,) in BHJ devices. Energy level
diagrams for the BHJ films with and without the ETL layers
are generated by the UPS data (Figure 4b-e). The @, for
PCDTBT/PC;;BM without ETL layer is 0.40 eV relative to
the WF of ITO/PEDOT:PSS. When TiO, and GO interlayers
were introduced, the @, values were increased from 0.40 eV
to 0.87 eV and 0.73 eV, respectively. The anticipated electron
injection barrier can be estimated by the difference between
the Fermi level (Eg) and the LUMO of the ETL layers, as
obtained by considering the UPS-determined HOMO energy
level and the optical gap. The results indicate an increased @,
and thereby show that electron injecton barrier decreases
after introducing the ETL layers. Thereby, an increased @, is
caused by downward shift of E,,., which can lead to a smaller
electron injection barrier in BHJ systems with ETL layers.
Since the GO layer is located beneath the cathode, the
electrons would transport more efficiently from the bulk of
BHJ to the cathode, which is similar to the previously
demonstrated role of TiO,.?** Moreover, a synergistic effect
is estimated in BHJ devices with the sequentially coated GO
and TiO, interlayer because of the significant decrease in
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Figure 4. a) UPS spectra of PCDTBT:PC,;,BM BH) without and with
ETL. b—e) Energy-level diagrams of BH) films without ETL (b), and
with ETLs of TiO, (c), GO (d), and GO/TiO, (e). E,,=vacuum level,
E-=Fermi level, A=interfacial dipole, ®@,=hole-injection barrier.

electron injection barrier from 1.50 eV to 0.87 eV (Figure S7).
The downshift of E,,. is suggested as the origin of the reduced
electron injection barrier and accounts for the improved Jyc
and PCE.

Finally, we carried out a simulation analysis of optical
electric field distribution as a function of wavelength in the
BHJ devices without and with the TiO,, GO, GO/TiO, layers,
respectively (Figure 5). For carrying out the simulations, the
optical parameters of materials such as absorption constant
and refractive index were obtained from previous
reports. According to the results, the optical electric
field amplitude is slightly enhanced for the device with GO as
the ETL compared with the device without the GO layer, and
reduced relative to the device with the TiO, layer (Figure 5a—
¢). Furthermore, we found a synergistic effect of the device
with GO/TiO, (Figure 5d). The highest optical electric field
amplitude for incident light wavelength of 500 nm and 600 nm
are 1.02Vm™ and 3.57 Vm', respectively. The data of
devices with TiO, (500nm: 0.94 Vm™', and 600nm:
3.49 Vm™) and TiO,/GO are compared in Figure 5b and d.
The maximum optical electric field amplitudes of the devices
with and without ETL layers on the BHJ active layer are
summarized in Table S2. The variation of optical electric field
amplitudes of BHJ solar cells correlates with the Jgc and PCE
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values. The enhanced Jg- originates from the high electric
field amplitude in BHJ active layer which generates more
photocurrent in the devices.’™ According to the simulation,
we conclude that inserting GO leads to BHIJ solar cells with
enhanced electric field amplitudes compared with similar
cells without ETL layers. Moreover, the highest optical
electric field distribution of the device with GO/TiO, is
correlated with the best PCE and Jgc (with the added benefit
of reduced series resistance and improved electron charge
transport).

In summary, we successfully fabricated high-performance
PCDTBT:PC;;BM BHJ solar cells comprising an electron
charge-transport layer of stretchable GO by stamping trans-
fer. By utilizing the transfer film, the GO can be directly used
and coated onto the BHJ surface through the stamping
process. The GO ETL plays an important role in improving
Jsc and PCE (18 % increase) in BHJ solar cells compared with
solar cells without interlayer. Furthermore, the device with
ETL of GO/TiO, exhibits the highest PCE of 7.50% (29 %
increase). Another dominant effect is improved electric field
amplitude in the devices from optical simulation. Thus,
“cavity effects” implied by the simulations cause increases
in the J-V characteristics (Vc, Jsc, and FF). Furthermore, the
device with GO (3% PCE decay) exhibits high stability
compared with the device without interlayer (56% PCE
decay); a result that is comparable to that obtained from TiO,
after storage for 30 days in air. The BHIJ solar cell with
transferable GO as ETL is an encouraging architecture for
achieving high-performance devices with an ETL inserted by
stamping nanotechnology.

Experimental Section
Synthesis of graphene oxide (GO) and fabrication of transfer films:
Graphene was deposited on a copper foil by CVD (chemical vapor
deposition). The copper foil was inserted into a tubular quartz
chamber followed by annealing at 1000°C with a flow of 8s.c.c.m
(standard cubic centimeter per minute) H, at 90 mtorr for 30 min.
After 24 s.c.c.m. of CH, and 8 s.c.c.m. of H, were flowed through the
chamber at 460 mtorr for 30 min, the chamber was cooled to room
temperature with a flow of H, under a pressure of 90 mtorr.[*”
As-synthesized graphene on the copper foil was exploited by the
following steps. Thermal-release tape (TRT), composed of an
adhesive polymer-coated polyethylene terephthalate (PET)
film, 3" was covered with the graphene layer and uniformly attached
to the layer by a roll-to-roll process. Subsequently, the sample was
chemically treated with 100 mM ammonium persulphate solution
((NH,),S,05) for 3 h to remove the copper foil. After rinsing out
possible residues with deionized water, the graphene layer was
immersed in HNOj to be oxidized.” Then, the graphene oxide (GO)
layer was stamped on a target substrate. To fully transfer the GO from
the polymer film (mother substrate) to the surface of the target
substrate, the back side of the graphene/polymer film on top of the
hot plate was treated with pressure (0.2 MPa) and heat (80-90°C).
Because of the uniform force and the applied heat, the GO on the
polymer film was successfully and reproducibly transferred and
deposited on the counter substrate after detaching the film.
Fabrication of solar cells: The ITO glass was prepared by
a cleaning process using detergent, acetone, and isopropyl alcohol
with ultrasonication. Then, the ITO was exposed to UV-ozone
(20 min) to reform the surface, and the hole transport material of
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
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Figure 5. Simulated distribution of the normalized optical electric field for light inside BHJ devices as a function of wavelength: glass-ITO
(150 nm)//PEDOT:PSS (40 nm)//PCDTBT:PC,,BM BH) (70 nm)//ETL//Al (100 nm), a) without ETL, b) with TiO, (~10 nm), c) with GO

(=1 nm), d) with GO/TiO, (=11 nm).

(PEDOT:PSS; Clevious PH) was spin-coated (5000 rpm, for 40 s) on
the ITO with a thickness of around 40 nm. The PEDOT:PSS-coated
ITO was dried at 140°C for 10 min. It was then moved to a glove-box
to spin-cast the PCDTBT:PC;;BM BHI active layer with a thickness
of ~70 nm (6000 rpm, 40 s). The BHJ solution with a total blend ratio
of PCDTBT/PC;,BM =7 mg:28 mg was prepared by dissolving in
a solvent mixture of DCB/CB=3:1 (1 mL).*7"! The solution was
stirred continuously at 250 rpm and 60°C on a hotplate overnight.
The BHJ active layer was dried at 80°C for 10 min, and then the
conventional electron-transport layer (ETL), TiO,, GO, and GO/TiO,
was coated by spin-casting, stamping transfer, or the combined
process. Finally, the Al cathode (thickness of 100 nm) was deposited
by thermal evaporator under a vacuum pressure of 4 x 107 torr. The
devices were encapsulated by a cleaned cover glass and a UV-curable
epoxy in the N, filled glove box.

Measurement and characterization: After calibration of the light
source using silicon reference cells with an AM 1.5 Global solar
simulator, the encapsulated BHJ solar cells were measured by
a Keithley 236 source unit during the exposure of the devices to an
intensity of 100 mW cm ™2 Then, the J-V curves and PCE parameters
(Voo Jsc, and FF) were obtained. To determine the exact cell areas,
we used the aperture of 11.76 mm? on top of the deposited Al cathode
during the measure. The morphology and surface roughness of BHIJs
with and without interlayers were determined by atomic-force
microscopy (AFM; Veeco, USA; D3100) to confirm the contact of
interlayers. The IPCEs were investigated by a QE measurement
system (PV measurements, Inc.) after the calibration of monochro-
matic power density to check and match with the /-V characteristics.

For the UPS analysis, the PCDTBT:PC,;BM (1:4) BHJ dissolved
in DCB/CB (3:1) (total: 35 mg/1 mL) was spin-cast on the ITO-glass
substrate. The films were dried at 80 °C for 10 min. The TiO,, GO, and
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GO/TiO, layers were then spin-coated and transferred on top of BHJ
films. The UPS analysis chamber was equipped with a hemispherical
electron-energy analyzer (Kratos Ultra Spectrometer), and was
maintained at 1.33x 1077 Pa. UPS measurements were carried out
using the He I (hv=21.2 eV) source. The electron-energy analyzer
was operated at a constant pass energy of 10 eV (for UPS). During
UPS measurements, a sample bias of —9 V was used in order to
separate the sample and the secondary edge for the analyzer.
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