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ABSTRACT: The interfacial properties of PEDOT:PSS,
pristine r-GO, and r-GO with sulfonic acid (SR-GO) in
organic photovoltaic are investigated to elucidate electron-
blocking property of PEDOT:PSS anode interfacial layer
(AIL), and to explore the possibility of r-GO as electron-
blocking layers. The SR-GO results in an optimized power
conversion efficiency of 7.54% for PTB7-th:PC,BM and
5.64% for P3HT:IC4BA systems. By combining analyses of
capacitance—voltage and photovoltaic-parameters dependence
on light intensity, it is found that recombination process at SR-
GO/active film is minimized. In contrast, the devices using r-
GO without sulfonic acid show trap-assisted recombination.
The enhanced electron-blocking properties in PEDOT:PSS
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and SR-GO AILs can be attributed to surface dipoles at AIL/acceptor. Thus, for electron-blocking, the AIL/acceptor interface
should be importantly considered in OPVs. Also, by simply introducing sulfonic acid unit on r-GO, excellent contact selectivity

can be realized in OPVs.
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1. INTRODUCTION

In organic photovoltaics (OPVs) adopting the inevitable
concept of bulk-heterojunction (BHJ), tremendous efforts
have been devoted to enhancing power conversion efficiency
(PCE) via the development of promising light-absorbing
materials, device optimization with different structures, and
the application of innovative processing techniques.'”” Also,
the advancements of OPV performances have been accom-
plished by interface engineering between active layer and
electrodes.*” For interface modulation, a diverse range of
materials has been developed to date, and, in particular, with
regard to the anode side, numerous materials have been proven
effective as interface modifiers. This includes the conventional
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS), metal oxides,'”"" and small molecules.'” In
addition, the graphene oxide (GO) has been recently
demonstrated as a viable anode interfacial layer (AIL) due to
excellent and adjustable electrical properties, simple solution-
processability, and efficient passivation-property for long-term
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device stability.">~"* Using this route, the successful demon-
stration of reduced graphene oxide (r-GO) as an AIL in OPV
was also reported with excellent efficiency and device stability
superior to those obtained in conventional devices with a
PEDOT:PSS AIL.'"® Furthermore, by tailoring electrical
properties of r-GO wusing sulfonic acid functionality
(—SO;H), the extended capability of r-GO AlLs to be operated
under various polymer donor systems regardless of the highest
occupied molecular orbital (HOMO) level of polymers was
achieved,'” which was mainly attributed to energy level
matching for ohmic contacts resulting in favorable charge-
extraction.

Besides cascade-energy-level adjustment for efficient charge-
extraction, the secure and eflicient charge-transport of
individual charge carriers (electrons and holes) with a
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minimized recombination loss is also an essential factor for
achieving a desirable device performance.*'® For BHJ
architectures, however, interpenetrating networks of donor
and acceptor components typically suffer from undesirable
electrical contacts such as anode/acceptor and cathode/donor,
which results in charge recombination events to induce the
degradation in the overall photovoltaic characteristics.>”
Therefore, in addition to adequate energy alignment between
the electrodes and the BHJ layers for ohmic contact, the
contact should be selective to reduce contact recombination at
the appropriate electrode. In addition, although the PE-
DOT:PSS is commonly used as AILs and some reports have
shown electron—blocking properties including blocking of
exciton quenching,'®~>* which are probably due to the
surface-enriched PSS component at the surface of PEDOT:PSS
film,** there is still some need for the more actual and detailed
reasons of the electron-blocking contribution from PE-
DOT:PSS AlLs. Moreover, even though the aforementioned
r-GO promises to be an attractive alternative to PEDOT:PSS
AlLs, the issues surrounding the charge-blocking properties of
r-GO AlLs in OPV devices have been not addressed in the
literature. For further exploring the potential of r-GO AlLs for
general use in OPVs, the investigation on their charge-blocking
properties should be carried out as an equally critical factor to
hole-transport via ohmic formations.

In this article, we introduce an effective approach for a
generally applicable AIL, achieving not only a favorable hole-
transport property but also a remarkable electron-blocking
ability in BHJ-OPVs. As the anode interfacial modifier,
conventional PEDOT:PSS, pristine reduced graphene oxide
(PR-GO), and sulfonic acid-grafted reduced graphene oxide
(SR-GO) were used where SR-GO was recently developed and
showed the successful AIL performance in OPVs via favorable
energy level alignment for ohmic contacts with diverse donor
systems."” To understand the mechanism of the electron-
blocking ability from PEDOT:PSS AIL and to investigate
whether the r-GO can be an electron-blocking layer or not, we
selected these well-known r-GO AILs because the main
structures of PR-GO and SR-GO are identically based on
reduced graphene oxides, but SR-GO containing —SO;H units
that are substantial portions of PEDOT:PSS is expected to
inherit the anode interfacial properties of PEDOT:PSS. We first
applied these various AIL systems in BHJ-OPVs employing
PTB7-th:PC,,BM ([6,6]-phenyl-C,,-butyric acid methyl ester),
where the PTB7-th is the PTB7 derivative showing the
extended absorption band and higher HOMO level as
compared to the original PTB7,*® and its chemical structure
is provided in Supporting Information Figure S1. For the
PTB7-th:PC, BM devices, we obtained high photovoltaic
characteristics with no significant differences in PCE values
among different AIL systems (7.58% for PEDOT:PSS, 6.89%
for PR-GO, and 7.54% for SR-GO). However, when the
donor:acceptor pair was changed to poly(3-hexylthiophene):in-
dene-C60 bisadduct (P3HT:IC4;BA), we found that PCE of
OPVs with SR-GO exhibited a highly improved value of 5.64%
as compared to the PR-GO-based cell efficiency of 3.85%,
resulting mainly from a more effectively blocked carrier
recombination at the interface between SR-GO AIL and BH]J
layers. To arrive at the conclusion related to the electron-
blocking, the detailed identification and characterization of the
interface energetics including recombination kinetics between 1-
GO AlILs and BHJ layer were performed using the measure-
ments of capacitance—voltage (C—V), light intensity depend-

ence in the current density—voltage (J—V), and ultraviolet
photoemission spectroscopy (UPS). We finally found that the
formation of an interfacial dipole between SR-GO and IC4BA
layers caused by sulfonic acid functionality can suppress
undesirable electron leakage and recombination, thereby
achieving high-performing BHJ devices.

2. EXPERIMENTAL DETAILS

Synthesis of Reduced Graphene Oxides (r-GO). At the first
step, the graphene oxide (GO) was prepared according to previous
reports, and the resultant GO was dispersed in deionized water at a
concentration of 3 mg mL™" for the chemical reduction process. To
synthesize PR-GO, S g of p-toluenesulfonyl hydrazide as a reductant
was added into the GO aqueous solution (3 mg mL™", 30 mL), and
then the mixed solution was heated at 60 °C with stirring for 24 h.
After the completion of the reduction process, the filtration of floating
suspension was performed, and the remaining reductant was removed
by sequentially washing with water and dimethylformamide. A
homogeneous PR-GO dispersion was achieved by dispersing PR-GO
flakes in dimethylformamide with a concentration of 0.6 mg mL™". In
addition, for SR-GO synthesis, p-hydrazinobenzenesulfonic acid
hemihydrate (S g) was added into the GO aqueous solution (3 mg
mL™}, 30 mL), and then the mixture solution was stirred at 60 °C
heating for 24 h. After that, for precipitation of the SR-GO, a small
amount of sodium chloride was added into the mixture solution. The
floating SR-GO was centrifuged at 10 000 rpm for 10 min, and then
washed with methanol at least three times. The produced SR-GO was
redispersed in deionized water with a concentration of ~0.6 mg mL ™.

Sample Characterizations. The measurements of X-ray photo-
emission spectroscopy (XPS) and UPS (AXIS NOVA, Kratos) were
carried out using a monochromatized Al Ka for XPS, and the He I (hv
=21.2 eV) excitation source with energy resolution of 0.1 eV for UPS
under a pressure of 5 X 107® Torr. The Fermi energy reference for
UPS analysis was determined using a cleaned gold surface. The r-GO
thickness of reduced graphene oxides was measured using an atomic
force microscope (Dimension 3100, Veeco) with tapping mode as
shown in Supporting Information Figure S2. The electrical sheet
resistance and conductivity were measured with a four-point-probe
system (FPP RS8, Dasol Eng.).

OPV Fabrication and Characterization. The cleaned ITO/glass
substrates were treated with UV/QOj; for 15 min. The r-GO solutions
and PEDOT:PSS (Clevios P VP AI 4083, Heraeus) were deposited by
spin coating at 5000 rpm for 40 s onto the prepared substrates, and
then all substrates were heated at 120 °C during 10 min. To fabricate
BH]J photoactive films, P3HT (4002-EE, Rieke Metals), PTB7-th (1-
material), PC¢;BM (Nano-C), PC,;BM (Nano-C), and IC4BA (1-
material) were used without further purification. A BHJ active solution
composed of either PZHT:PCyBM or P3HT:IC4BA was spin coated
onto the substrate at 700 rpm for 60 s, and then a slow evaporation of
active-film was carried out by keeping the film in a capped-glass jar for
2 h, followed by thermal treatments (150 °C for 10 min). For high-
performance OPVs, a chlorobenzene solution (1 mL) consisting of a
mixture of PTB7-th:PC;,BM (10 mg:1S mg) and 1,8-diiodooctance (3
vol %) was spin-cast at 2000 rpm for 40 s onto a prepared substrate.
Finally, top electrodes composed of Ca (20 nm)/Al (80 nm) were
deposited through a shadow mask (active area: 4.64 mm?) using a
thermal evaporator in a vacuum of a pressure of 107 Torr. The
current density—voltage (J—V) plots were recorded using a Keithley
2400 instrument under 100 mW cm™ illumination with simulated AM
1.5 G condition and using the standard Si solar cell certified by the
International System of Units (SI) (SRC 1000 TC KGS N, VLSI
Standards, Inc.). The direction of the voltage scan was forward bias
(1.0 V) to reverse bias (—1.0 V), and the step voltage was fixed at 20
mV. The EQE and IQE spectra were measured via a Quantum
Efficiency Measurement System (IQE-200, Oriel). The Jgc values
calculated from EQE spectra were within 3% error as compared to the
corresponding Jsc measured in J—V curves. The capacitance—voltage
(C=V) characteristics were measured under dark condition, and at a
fixed frequency of 10 kHz using Agilent 4284A precision LCR meter
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with Keithley 4200-SCS setup. AC oscillating voltage was as low as 20
mV for the linearity of the response. The sample preparation for C—=V
measurement was the same as that used for J—V measurements.

OFET Fabrication and Characterization. The top-gate and top-
contact (TG/TC) OFETs were fabricated on glass substrates with
patterned PEDOT:PSS, PR-GO, and SR-GO layers. After the
deposition of patterned AIL films, very thin blend films (10 nm)
were spin-coated on prepared substrates, and then 50 nm thick gold
contact for source and drain electrodes were fabricated with a shadow
mask (W = 1000 ym, L = SO ym) using a thermal evaporator under a
vapor pressure of ~107¢ Torr. The fluoro-polymer poly-
(perfluorobutenylvinylether) (CYTOPTM, CTL-809M) and a per-
fluorocarbon-containing solvent (CT-Solv. 180) from Asahi Glass
were mixed with 3:1 volume ratio for the gate dielectric layer. After
spin-coating the dielectric layer on the prepared films, the device
fabrication was completed by evaporation of Al for gate electrode with
thickness of S0 nm. The resultant OFET electrical performances were
obtained with Keithley 4200-SCS in a N,-filled glovebox.

3. RESULTS AND DISCUSSION

We synthesized PR-GO and SR-GO according to procedures
outlined in a previous report'’ using either p-toluenesulfonyl
hydrazide (PR-GO) or p-hydrazinobenzenesulfonic acid hemi-
hydrate (SR-GO) as a reductant, which resulted in different
surface functionalizations for GO nanosheets with or without
—SO;H. Additional control experiments using PEDOT:PSS as
the most popular AlLs in OPVs were also carried out to
systematically compare the surface chemistries, electrical
properties, and interface energetics as an electron-blocking
layer with the r-GO systems. First, for insight into the surface
chemical composition of PEDOT:PSS, PR-GO, and SR-GO
thin films, we conducted analysis of the surface chemistries
using XPS, and Figure 1 shows the corresponding XPS profiles.

SO3H SO;H SO;H SO3H SOH C 1s O 1
S

[ CO000
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Figure 1. XPS survey profiles of different anode interfacial materials.

The high relative peak-intensity of C 1s to O 1s in two kinds of
r-GOs reflected the high degree of reduction from GO
containing carboxylic, epoxy, carbonyl, and hydroxyl units to
a nonoxidized aromatic network of a graphene basal plane,*®
thus leading to high electrical conductivity of r-GO samples.
Here, the conductivity values of the PR-GO and the SR-GO
were about 1 and 3 S cm™!, respectively, which are both
significantly above the conductivity of commonly used
PEDOT:PSS (~107* S cm™), and these high conductivities
of AlLs could improve the series resistance of the resultant
device, thereby enhancing other photovoltaic parameters such

as short-circuit current density (Jsc) and fill factor (FF).*’
More importantly, the peaks at a binding energy of
approximately 168 eV in the S (sulfur) 2p spectrum were
clearly observed in PEDOT:PSS and SR-GO samples, which
corresponded to the sulfur atoms in the —SO;H units
comprising PSS chains of PEDOT:PSS and surface functional
groups on the basal plane of SR-GO, respectively.'”** The
intensities of the sulfonic acid units in SR-GO were less than
those of PEDOT:PSS, indicating a higher degree of the sulfonic
acid presence on the PEDOT:PSS surface than that on the
surface of SR-GO. On the other hand, as expected, the peak
associated with sulfonic acid was not seen in the S p2 spectrum
of a PR-GO sample.

To directly access the role of —SO;H functionality on the
PEDOT:PSS and r-GO surfaces in device performance, we
fabricated BHJ-OPVs comprised of PTB7-th:PC,;BM blends
using different AILs such as PEDOT:PSS (~25 nm), PR-GO
(~2 nm), and SR-GO (~2 nm). The J—V characteristics for
representative devices are shown in Figure 2, the average values
with standard deviations were summarized in Table 1, and they
were extracted from characterization for over 10 devices. In the
devices comprising P3HT:PC¢BM (1-(3-methoxycarbonyl)-
propyl-1-phenyl-(6,6)Cs;) BHJ as depicted in the Supporting
Information (Figure S3), the resultant OPVs showed highly
optimized cell performances in both types of r-GO AIL
systems, giving rise to comparable PCE values for
PEDOT:PSS-based devices, which could be originated from
well-established ohmic contact at PR-GO/P3HT, and SR-GO/
P3HT interfaces like PEDOT:PSS/P3HT interface. For the
active layer of PTB7-th:PC,BM, the BHJ devices were
confirmed to offer excellent cell-performance in both cases of
PR-GO and SR-GO, where the PCE for SR-GO was slightly
enhanced from PR-GO cells. The average open-circuit voltage
(Voc), Jse, FF, and PCE of devices based on PR-GO and SR-
GO showed 0.76 and 0.77 V, 13.18 and 13.92 mA cm ™2, 69.2%
and 70.4%, and 6.89% and 7.54%, respectively. These
performances closely approached the OPVs employing
PEDOT:PSS AIL, yielding the PCE of 7.58%. Note that a
change of donor components used in BHJ systems from P3HT
to PTB7-th did not induce a significant influence of AIL types
on device performance.

Interestingly, however, when P3HT:IC;;BA BHJ was
incorporated into OPVs as an active layer (ie., the acceptor
component was changed from PCBM to ICBA) where IC4BA
is a promising fullerene derivative with a higher-lying lowest
unoccupied electron orbitals (LUMO) level for improvement
in the open-circuit voltage,”” completely different behaviors
were observed in two kinds of r-GO AlLs. As shown in Figure
3a, the photovoltaic characteristics of SR-GO incorporated cell
exhibited an average V¢ of 0.83 V, an average Jsc of 9.66 mA
cm™?, an average FF of 70.3%, and an average PCE of 5.64%.
Those values were similar to the performance of an optimized
OPV with PEDOT:PSS film as shown in Table 2. However,
when the PR-GO film was employed as an AIL, the devices
showed an inferior performance: a V¢ of 0.79 V; a Jc of 8.92
mA cm™?; a FF of 54.5%; and a PCE of 3.85%. Similar trends
were found in the diode characteristics of the same devices
under dark condition as shown in Figure 3b: highly unstable
current along with reverse bias for a PR-GO cell, and a much
reduced leakage current for the device with a SR-GO AIL. It
can be expressed in terms of the numerical resistances
calculated from the dark J—V plots: a series resistance of 2.75
Q cm? for PR-GO, and 2.70 Q cm? for SR-GO; and a shunt
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Figure 2. Representative J—V plots of devices based on different AlLs with PTB7-th:PC,;BM BHJ (a) under AM 1.5 G illumination at 100 mW

2

cm™?, and (b) under dark condition.

Table 1. Photovoltaic Characteristics with Average Values for PTB7-th:PC,,BM BHJ Cells Comprising Different AILs

AIL Voc (V) Jsc (mA cm™?) FF (%) PCE (%)
PEDOT:PSS 0.79 + 0.01 13.68 + 0.18 70.1 + 0.6 7.58 + 0.18
PR-GO 0.76 + 0.01 13.18 + 0.09 69.2 + 0.6 6.89 + 0.17
SR-GO 0.77 + 0.01 13.92 + 0.41 704 + 0.5 7.54 + 0.06

resistance of 0.126 kQ cm? for PR-GO, and 53.6 kQ cm? for
SR-GO, respectively. An unexpected but great dependence of
electron acceptor types on device performances is observed for
r-GO AIL systems, strongly suggesting that the interface of
AIL/acceptor in BHJ has a significant influence on the OPV
performances in addition to AIL/donor interfaces. Considering
that the two types of r-GOs present a favorable energetic
alignment with P3HT for ohmicity and comparable series
resistance, the capability of electron-blocking at the r-GO/BH]
(r-GO/acceptor to be exact) interface could lead mainly to a
deviation in the overall efficiency of devices with P3HT:IC4,BA
BHJ between PR-GO and SR-GO systems. The results
obtained from the J—V characteristics were well consistent
with external quantum efficiency (EQE) and internal quantum
efficiency (IQE) as shown in Figure 3c. There are negligible
EQE and IQE intensity deviations in PEDOT:PSS- and SR-
GO-based OPVs, indicating that charge-extraction ability of SR-
GO cells employing P3HT:IC4;BA blends is comparable to that
of optimized PEDOT:PSS device. However, the PR-GO cells
failed to approach the quantum efficiency spectra for those of
PEDOT:PSS, and, in particular, the IQE spectrum of the PR-
GO cell showed a lower value in overall range of wavelength
relative to the reference PEDOT:PSS spectrum. Considering
that the IQE is highly linked to exciton diffusion, dissociation,
and charge-extraction, where exciton diffusion and dissociation
are strongly related to the identically used active morphology,”®
the low value of IQE for PR-GO devices could result from a
relatively poor charge-extraction efficiency, which could be due
to activated recombination within PR-GO devices before
extraction of photogenerated charge carriers.

To further examine the effects of AILs on the interface
electronic states in the BHJ-OPV devices, the capacitance of
devices used in J-V measurements was measured as a function
of applied bias under dark condition via Mott—Schottky (MS)
analysis. The capacitance induced by the depletion region, as
expressed by the equation C2 = 2(V;,; — V)/(qeN), dominates
the overall capacitance before the flat band conditions (built-in
voltage Vi; = V),**° where V is the applied bias, q corresponds
to the elementary charge, € is the dielectric constant, and N is

19616

the impurity concentration. As depicted in Figure 4a, a higher
depletion capacitance was observed in the PR-GO-based diode
as compared to the PEDOT:PSS and SR-GO devices. The N
values obtained from the linear relationship in C™>~V for the
applied voltage range between low forward bias and V; as
presented in Figure 4b were 5.75 X 10", 1.28 x 10%, and 6.00
x 10 cm™® for PEDOT:PSS, PR-GO, and SR-GO,
respectively. Also, the V;; was derived from MS plot of C>
by extrapolating its linear portion to the voltage axis as follows:
0.76, 0.73, and 0.76 V for PEDOT:PSS, PR-GO, and SR-GO,
respectively. The higher capacitance at approaching V;; and
higher impurity concentration in the case of PR-GO system
measured under dark condition support a more facilitated
charge recombination in an illuminated state.>"** Meanwhile,
as expected, the injection barrier at the metal contact/BH]
interface was consistently minimized for all devices regardless
of AIL types, as evidenced by the sufficient built-in voltage,
exponential increase and nonsaturated values of the capaci-
tance, along with the high forward voltage shown in Figure 4a
for all types of devices with different AILs.>**

For insight into the influence of capacitance and impurity
concentration as measured under dark conditions on photo-
voltaic parameters, the dependence of V¢ and Jsc on light
intensity (Phght) was carefully probed and analyzed as shown in
Figure 4c and Supporting Information Figure S4. In the open-
circuit state, no photogenerated carriers are extracted to the
outside of the cells because all photocharge carriers are
recombined within the devices, which provides qualitative
information on the recombination kinetics of BHJ-OPVs.>*~%
In general, the optimized OPVs comprising polymer:fullerene
BHJ dominantly obey the bimolecular recombination (Lange-
vin recombination) mechanism, and for bimolecular recombi-
nation, the V¢ can be given simply by Voc = (kT/q) X
ln(Phght) + constant, and thus the slope (S) of V¢ versus
ln(Phght) will be equal to kT/ q.35’36 As shown in Figure 4c, the
dependence of V¢ on light intensity was varied according to
the devices with different AIL types: S = 1.38, 10.94, and 1.49
kT/q for PEDOT:PSS, PR-GO, and SR-GO in P3HT:IC¢BA
BH]J systems, while the S obtained from P3HT:PC4BM BH]J
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Figure 3. Representative J—V curves for P3HT:IC4 BA BH]J (a) under
AM 1.5G illumination at 100 mW cm™2 and (b) under dark condition.
(c) External quantum efficiency (EQE) spectra of devices with
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systems showed comparable values regardless of AIL types as
provided in Supporting Information Figure SS. Taking into
account S =& kT/q for PEDOT:PSS and SR-GO, the
bimolecular recombination process was obviously dominant
in these systems, which indicates that the presence of
PEDOT:PSS/IC4,BA and SR-GO/IC(BA in BHJ devices
rarely promotes recombination strength. Unlike the case of
PEDOT:PSS and SR-GO, a much steeper V¢ dependence on
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(assuming & (relative dielectric constant) = 3 for P3HT:IC4BA
blends). (c) The dependence of the open-circuit voltage on light
intensity of corresponding devices with linear fitting to measured data
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the Py, for PR-GO was observed with high S values, indicating
that the trap-assisted recombination (Shockley—Read—Hall
recombination) mainly determined the recombination process
for PR-GO devices, which assumes that the increased impurity
concentration measured in C—V analysis led to a significant
degree of activated charge recombination events, probably due
to the presence of PR-GO/IC4BA interfaces. This result
implies that the PR-GO AIL in a P3HT:IC4BA BHJ system

Table 2. Photovoltaic Parameters with Average Values for P3HT:IC4 BA BHJ Devices Based on Different AILs

AIL Voc (V) Jsc (mA cm™2) FF (%) PCE (%)
PEDOT:PSS 0.84 + 0.01 9.75 + 0.01 69.2 + 0.2 5.68 + 0.07
PR-GO 0.79 + 0.01 8.92 + 0.08 545 + 0.1 3.85 + 0.06
SR-GO 0.83 £ 0.01 9.66 + 0.08 703 £ 0.3 5.64 + 0.03
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could not passivate the local shunts at the PR-GO/IC¢BA
interfaces, which acted as an electrical leakage path, and thereby
failed to achieve an efficient charge-blocking capability, leading
to simultaneous degradations in V¢, Jsc, and FF. Con-
sequently, the significantly reduced recombination strength
could be considered as a major contribution to the enhanced
device efficiency of PEDOT:PSS and SR-GO. On the contrary,
PR-GO devices failed to achieve an eflicient charge-blocking
capability due to increased strength of recombination, which
could be due to the difference in the interfacial properties of
AIL/IC4BA junctions among PEDOT:PSS, PR-GO, and SR-
GO systems.””

To understand the electron-blocking origins of PEDOT:PSS
and the different behaviors of the two kinds of r-GOs, we used
the UPS to study the interface energetics between AILs and
IC¢;BA, because the interfacial properties of AIL/IC4BA would
play a critical role in determining the recombination strength.
Figure Sa illustrates the secondary electron cutoff spectra of a
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Figure 5. (a) UPS spectra onset in the secondary electron cutoff
region for thin IC4BA films on PEDOT:PSS, PR-GO, and SR-GO.
(b) Schematic illustration of resultant energy level diagram showing
interfacial dipoles.

thin IC¢;BA layer (~3 nm) on PEDOT:PSS, PR-GO, and SR-
GO layers, the corresponding schematic energy diagrams
derived from the UPS results are depicted in Figure Sb, and
the UPS spectra with regard to AIL/PC4BM interfaces are also
presented in Supporting Information Figure S6. As the shift of
the electron cutoff onset shows, there were vacuum level (E,, )
shifts at the PEDOT:PSS/IC,,BA and SR-GO/IC,BA
interfaces, yielding a surface dipole of 0.21 and 0.29 eV for
PEDOT:PSS and SR-GO, respectively.*’ The formation of the
dipole at the interface enhanced the electron-blocking proper-
ties,"! which could be due to the surface species, that is,
—SO;H, in both cases of PEDOT:PSS and SR-GO.
Furthermore, because the sulfonic acid unit could act as a
proton source via an electrochemical reaction with subsequent

organic layer,"”*® the enhanced hole-selective behavior could

also have arisen from the p-doped adjacent BHJ layer,*" which
can be confirmed by UPS spectra around the Fermi level and p-
channel field-effect transistor characteristics of the BHJ films as
presented in Supporting Information Figures S7 and S8. As is
evident in Figure 5, and Supporting Information Figures S7 and
S8, even if the degree of —SO;H presence on the SR-GO
surface, as confirmed in XPS analysis, was lower than that in the
PEDOT:PSS films, it was sufficient to form a surface dipole
with the doping of sequential organic layer for the accomplish-
ment of an efficient anode-selectivity. In contrast, in the case of
PR-GO/IC¢,BA, a negligible energy offset appeared, which
implies no existence of surface dipole at the PR-GO/IC4BA
interface and no doping phenomena with subsequent IC4BA
layer as shown in Supporting Information Figures S7 and S8.
Thus, all consequences of aforementioned investigation provide
that the existence of —SO;H units on the PEDOT:PSS surface
is attributed to an enhanced anode contact-selectivity via the
formation of a local interfacial dipole with acceptor
components. Furthermore, under r-GO circumstances,
although inherent properties of r-GO as metals lead to a
poor capability of electron-blocking at the anode contacts,"* via
surface functionalization with —SO;H units, the SR-GO
functions as an effective electron-blocking layer similar to
PEDOT:PSS AlLs.

4. CONCLUSIONS

We investigated the electron-blocking properties of the well-
known PEDOT:PSS, r-GO, and r-GO functionalized with
—SO;H similar to PEDOT:PSS in OPVs based on two different
BH]J systems (PTB7-th:PC,;BM and P3HT:IC¢;BA) to gain a
better understanding into the origins of electron-blocking
properties of a PEDOT:PSS AIL. We also explored the
possibility of using r-GO as an electron-blocking layer. The
—SO;H functionalized SR-GO resulted in highly efficient PCE
of 7.54% for PTB7-th:PC,;BM and 5.64% for P3HT:IC4BA
BH]J, which were comparable to those obtained in devices with
PEDOT:PSS AIL and obviously benefited from an increase in
the degree of electron-blocking capability relative to pristine 1-
GO systems, especially for the P3HT:IC4,BA BHJ case. C—V
characteristics and photovoltaic-parameter dependence on light
intensity revealed that the recombination process at SR-GO/
BHJ] was minimized, while there was a trap-assisted
recombination phenomenon in PR-GO devices, which
adversely affected electron-blocking at AIL/BHJ interface. We
attributed this enhanced electron-blocking phenomena in
PEDOT:PSS and SR-GO systems to the formation of surface
dipoles between AIL and IC¢ BA layers due to sulfonic acid
functionality, which was not observed in PR-GO systems. Thus,
we concluded that the primary reason for a deviation in the
overall efficiency of BHJ-OPVs among PEDOT:PSS, PR-GO,
and SR-GO systems could be due to the interface character-
istics of AIL/acceptor junctions in terms of electron-blocking,
and it should be considered as an equally important aspect with
optimizing hole-transport across AIL/donor interface. More
importantly, even though r-GO behaves as a metal with a
negligible band gap, which is generally considered to cause a
lack of electron-blocking properties at the anode contact in
organic devices, excellent contact-selectivity is realized in BHJ-
OPVs with SR-GO by simply introducing sulfonic acid unit
onto the surface of r-GO.
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