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The development of an efficient and stable hole extraction layer (HEL) is crucial for commercializing organic
solar cells (OSCs). Although a few candidates have been widely utilized as HELs for OSCs, the most
appropriate material has been lacking. A few articles have recently reported graphene oxide (GO) as
a well-working HEL that offers comparable performance to conventional HELs. However, a systematic
study providing comprehensive insight into the GO-based OSC behavior is lacking. This article discusses
broad topics, including the material properties, device efficiency, shelf lifetime, and impedance
properties. We found that GO offers excellent properties, which are identical to those of conventional
HELs, while the shelf lifetime shows a significant 6-fold increase. Furthermore, we discuss the
significantly reduced space-charge limited region of an aged GO-based OSC compared with
a PEDOT:PSS-based device, which is revealed to be a reason for the different shelf lifetime. We believe

that the results will accelerate the development of GO as an HEL for OSCs and other optoelectronic devices.

Introduction

Organic solar cells (OSCs) are one of the strongest candidates for
ecofriendly renewable energy sources due to their broad applica-
bility,"* low weight,** and high efficiency under low-intensity
light.*® Recently, numerous studies on the high efficiency®*
and long stability"** have also been reported. However, the small
range of choices for the hole extraction layer (HEL) is a consider-
able obstacle in commercializing OSCs. Taking into account that
HEL is a broad term that includes the hole injection layer (HIL),
which is usually used in light-emitting devices (LEDs) or laser
diodes (LDs), the small number of candidates is a critical issue to
be resolved. Regarding this problem, several candidates have been
used in various articles.

The most widely utilized HEL is poly(3,4-ethylenedioxy-
thiophene) polystyrene sulfonate (PEDOT:PSS)."*** While
PEDOT:PSS is a conductive polymer whose conductivity can be
increased up to hundreds of S cm ™2, PSS is a counterion that
makes the complex water soluble, stabilizing the doped PEDOT
and offering a matrix for PEDOT to form an aqueous dispersion.
Because of its solution processability,*** wide tunability,***¢
and easy film formation,'”** this polymer is usually adopted as
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HELSs and transparent conductive electrodes. However, because
of the acidic nature of PEDOT:PSS, it is also well known that
PEDOT:PSS deteriorates the adjacent layers, resulting in poor
device stability.’*** Furthermore, the unignorable absorption
hurdles prevent realization of the potential efficiency of
0OSCs.”**¢ Transition metal oxides (TMOs) are also a good option
for HELs. Nevertheless, their sophisticated working mecha-
nism,”* high sensitivity to vacuum conditions,**** and diffi-
cult solution processability®> make them hard to use as the best
material, especially in conventional structures.

On the other hand, graphene oxide (GO) is assessed to be
a good substitute for the discussed materials due to its bandgap
tunability,**~** high transparency,**** and dielectric nature.*>*
Although graphene possesses good conductivity** and energy
level* for interface layers, its non-bandgap property makes it
hard to introduce it as a charge selective layer. However, GO
offers proper energy level, bandgap, and even conductivity and
is easily modified by the oxidization degree.**?* GO and its
derivative reduced graphene oxide (rGO) have been variously
reported in OSC studies as a charge selective layer**** and even
electrodes.”” However, a systematic review that provides
comprehensive analyses into the film characteristics, device
efficiency, and shelf lifetime is lacking.

This study provides detailed methods for GO synthesis and
GO-based OSCs, which showed a similar performance and an
outstanding shelf lifetime compared to the reference structure.
Notably, the OSC exhibited a 6-fold increase in its shelf lifetime
when GO was introduced instead of PEDOT:PSS. Furthermore,
GO-doped PEDOT:PSS with 1 wt% ratio showed a 24% incre-
ment in efficiency than pristine PEDOT:PSS, which implies
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a high probability of a GO as a p-dopant. For in-depth analyses,
X-ray photoelectron spectroscopy (XPS), ultraviolet photoelec-
tron spectroscopy (UPS), space-charge limited current (SCLC)
analysis, and impedance spectroscopy were conducted, and the
results were in line with the device current density-voltage (J-V)
characteristics. The experimental details are descripted as
following.

Experimental
Fabrication of OSCs

The structure of the OSCs used in the study was ITO/HEL/poly
[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-
2/,1',3'-benzothiadiazole)] (PCDTBT):[6,6]-phenyl C71 butyric
acid methyl ester (PC,,BM)/LiF/Al. A glass substrate with
patterned indium tin oxide (ITO) was prepared after sequential
washes with acetone, isopropyl alcohol (IPA), and deionized
water (DI). For the HEL, PEDOT:PSS was the comparative
material, while GO with various annealing conditions was the
experimental material. PEDOT:PSS (CLEVIOS™ HTL Solar) was
purchased from Heraeus Epurio Clevios™. On the cleaned
substrate, PEDOT:PSS was spin-coated with a rotational speed
of 2000 rpm for 40 s, followed by an annealing treatment of
120 °C for 10 min under vacuum conditions. The synthesis
method of GO is precisely described in the following text. The
GO was spin-coated on the cleaned substrate with a rotational
speed of 3000 rpm for 40 s, resulting in a 5 nm thick film. The
GO film was annealed at 150 °C for 1 h. The active layer solution
was prepared by dissolving PCDTBT : PC,,BM (1 : 4 by weight
ratio) in 1,2-dichlorobenzene (DCB) at a total concentration of
25 mg mL~ " with stirring overnight in a N,-filled glovebox. The
active layer solution was then spin-coated on the respective
HELs and dried for 5 min under the same inert conditions.
Then, LiF (0.5 nm) and Al (100 nm) were thermally evaporated
sequentially.

Synthesis of GO

GO synthesis was performed according to a former article®
using the Hummers method.*”*® Briefly, graphite powder (3 g)
was dissolved in a mixed solution of H,SO, (12 mL), K,S,05 (2.5
g), and P,0s (2.5 g) with subsequent heating at 80 °C for 4.5 h.
After the procedure, the solution was cooled to room tempera-
ture, diluted with 500 mL of deionized (DI) water, and left
overnight. To remove the residual acid and salts, the precipitate
was filtered and washed with DI and dried overnight. The
solution was then mixed with H,SO, (120 mL) at 0 °C. For the
next step, KMnO, (15 g) was added dropwise while maintaining
the temperate at 20 °C with continuous stirring. Similar to the
former step, the solution was diluted with DI water (250 mL)
while maintaining the solution temperature at 50 °C. With an
additional stirring of 2 h, the solution was diluted again with DI
(700 mL). Furthermore, H,0, (20 mL) at a 30% concentration
was added to the solution, which resulted in a bright yellow
mixture with bubbling. Afterward, the precipitates were filtered
and washed with HCI (1 L) at a 10% concentration, which
effectively removed the metal ions. With additional washing
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with H,O (1 L), the remaining acid ions were removed. The final
solid material was dried and dispersed in H,O at 0.5 wt%. After
purification through dialysis, the exfoliated product was soni-
cated to obtain a GO-dispersed solution.

Characterization of OSCs and films

The current-voltage (/-V) characteristics of the devices were
measured using a Keithley 237 source measurement unit with
an AM 1.5 G solar simulator (Newport, 91160A). For device
stability measurement, the devices were kept in ambient
conditions without any encapsulation. The optical properties
were studied through absorption spectroscopy (Beckman
Coulter, US/DU 70 Series). Surface topography characterization
and thickness measurement was performed using atomic force
microscopy (AFM) (Park Systems, XE-100). Cole-Cole plot
characterization was conducted using impedance spectroscopy
(Wayne Kerr Electronics, 6500B Series). X-ray photoelectron
spectroscopy (XPS) (Kratos, Inc., AXIS-HSi) and ultraviolet
photoelectron spectroscopy (UPS) (Kratos, Inc., AXIS-NOVA)
were used for film analysis. The thermogravimetric analysis
(TGA) was measured using a measurement unit (TA Instru-
ments, SDT Q600) under N, atmosphere with a ramp-up speed
of 10 °C min~* up to 900 °C to the maximum. The Fourier-
transform infrared spectroscopy (FTIR) was measured by spec-
troscopy (Bruker, TENSOR27) under ambient atmosphere. The
Raman spectroscopy was measured by spectroscopy (Thermo
Fisher, DXR2xi) with 532 nm laser excitation.

Result and discussion

Before discussing the GO-based device characteristics, funda-
mental analyses were performed regarding the GO. The essen-
tial optical characteristics and a topography image are shown in
Fig. 1(b-d). In Fig. 1(b), the transmittance of GO film spin-
coated from a 2 mg mL™' dense solution is nearly 100% at
550 nm. Considering that the most widely used PEDOT:PSS
intrinsically has a severe disadvantage in terms of trans-
mittance, GO is a great candidate for OSCs and other opto-
electronic devices.*”® The topography image measured by AFM
is in good agreement with the former articles and our expecta-
tions (Fig. 1(c)). Among several solution densities, a range of
0.5-1 mg mL ™" was used for the optimized condition, which led
to a uniform flake distribution on the ITO substrate (Fig. 1(c)
and S1(a)f). In particular, the GO film of 1 mg mL ™" solution
showed higher coverage of flakes than that of 0.5 mg mL™"
solution. The thickness of the utilized GO film was 5 nm
(Fig. 1(d)). In comparison, over 5 mg mL™" led to severe
aggregation and poor topography and surface roughness
(Fig. S1(b)¥).

To perform elemental analysis, XPS was conducted on the
GO film (Fig. 2(a)). The low binding energy peak of the C 1s core
located at 284.50 eV originates from the C-C bonding in the
molecular structure of GO.* The peaks at 286.79 and 288.31 eV
originate from C-O and C=O0 bonding, respectively.*® As illus-
trated in Fig. 1(a), numerous C-O and C=0 bonds develop from
the hydroxyl group (R-OH-), epoxy group (R-O-R), carboxyl

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic illustration and (b) transmittance graphene oxide (GO) film spin-coated from a 2 mg mL™! dense solution. (c) Topography
image of GO flakes within a GO film spin-coated from a 0.5 mg mL™* dense solution, and (d) its measured thickness (~5 nm) by atomic force

microscopy (AFM).

group (R-COOH). After integrating the respective peaks, it is
found that the respective atomic percentages of C-C, C-O, and
C=0 bonds are 54.9, 39.4, and 5.7%, indicating sufficient oxi-
dization of graphene to GO. To further validate the GO prop-
erties, the work function of the deposited GO film was measured
and found to be approximately 4.6 eV (Fig. 2(b)), which is in
good agreement with a former article.*

In the necessity of further fundamental analyses on the GO
film, TGA (Fig. S2%), FTIR (Fig. S31), and Raman spectroscopy
(Fig. S4t) were conducted. In good agreement with the former
GO-related TGA studies, it showed similar results upon
increasing temperature. The first weight variation at 100 °C is
ascribed to the removal of the moisture,”>* the second drop
from 150 °C to 220 °C is attributed to the removal of oxygen
functional groups,”® and the last region above 550 °C is
assigned to the removal of stable oxygen groups or combustion
of remaining materials.>*¢

Additional analyses of Fourier-transform infrared spectros-
copy (FTIR) and Raman spectroscopy were conducted (Fig. S3
and S47). In FTIR results (Fig. S37), the GO film's absorption
peaks at 1030 cm™ ' (C-0), 1371 em ™' (C-OH), 1724 cm ™ (C=
0), and a broadband between 3000 and 3500 cm ' (O-H)
indicate the effective functionalization of GO.>”*® Regarding the
Raman spectroscopy result, clear D and G bands were observed
(Fig. S4 and Table S1t), where D band indicates the disorder
band caused by the graphite edges, and G band implies the in-
phase vibration of the graphite lattice.” The GO (1600 cm ™)
showed a blue-shifted location of G band than the graphene

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) X-ray photoelectron spectroscopy (XPS) and (b) ultraviolet
photoelectron spectroscopy (UPS) measurement result of graphene
oxide (GO).
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(a) Current density—voltage (J-V) characteristics, (b) dark current density, and (c) normalized values of the photovoltaic parameters of

devices after 2 days (solid color with border) and 4 days (pale color without border) under ambient conditions.

(1590 cm ™), implying oxygenation of graphite and sp® carbon
atoms formation.**** In addition, the broadened D band of GO
(FWHM = 140 cm™ ') than graphene (FWHM = 100 cm ') is
ascribed to the reduction in sp> domain size by the formation of
defects, vacancies, and distortions upon oxidation.*® Further-
more, the relative peak intensity of the D band to G band (Ip/I;)
is increased from 0.985 to 1.037 when the graphene is func-
tionalized to GO, implying the formation of oxygen-containing
functional groups to the graphene plane.®

The J-V characteristics of OSCs with the different HELs were
measured (Fig. 3(a, b) and Table 1). The photovoltaic parame-
ters are abbreviated as follows: short-circuit current (Jsc), open-
circuit voltage (Voc), fill factor (FF), and power conversion effi-
ciency (PCE). The performance of a device with PEDOT:PSS as
an HEL showed photovoltaic parameters of Jsc = 9.74 mA cm 2,
Voc = 0.85 V, FF = 0.53, and PCE = 4.36%. For accurate
comparison, a device without any HEL was fabricated, and its
performance was measured to be Jsc = 9.41 mA cm ™2, Voc =
0.79V, FF = 0.50, and PCE = 3.75%. Considering that the role of
the HEL ranges from reducing the charge extraction barrier to

accelerating the charge transport,* it is quite intuitive that the
Jsc and Vo of the non-HEL device showed significant decreases,
leading to a 21% lower PCE. On the other hand, OSCs with
optimized GO conditions showed device characteristics
comparable to those with PEDOT:PSS: Jsc = 8.97 mA cm ™2, Vo
= 0.83 V, FF = 0.54, and PCE = 4.04%.

For further investigation, the GO was reduced with a signifi-
cantly high temperature of 500 °C and applied to the device
fabrication (Fig. S51). In brief, it is reported that the GO can be
effectively reduced with an extremely high temperature ranging
from 300 °C to 600 °C.* In Fig. S5,F the OSC with reduced GO,
annealed at 500 °C after GO film formation, showed inferior
performance of Jsc = 6.34 mA cm™ 2, Voc = 0.405 V, FF = 0.369,
and PCE = 0.948%. The variation is speculated to align with the
former article reporting a significantly lower sheet resistance
than GO,*” resulting in a severe charge extraction imbalance
within the OSC.

Most importantly, the shelf lifetime varied significantly
depending on the HEL (Fig. 3(c) and S67). It is well known that
OSCs with PEDOT:PSS are very vulnerable to degradation due to

Table 1 Device characteristics for different hole extraction layer (HEL) conditions. (Average and standard deviation calculated on 6 independent
devices. The numbers in parentheses are the maximum value of each condition.)

w/o HEL PEDOT:PSS GO
Jsc (mA cm™?) 8.74 + 0.55 (9.41) 8.73 + 0.71 (9.74) 8.95 + 0.23 (8.97)
Voc (V) 0.71 + 0.07 (0.79) 0.85 + 0.01 (0.85) 0.81 + 0.02 (0.83)
FF 0.50 %+ 0.01 (0.50) 0.54 + 0.01 (0.53) 0.51 + 0.03 (0.54)
PCE (%) 3.14 + 0.42 (3.75) 3.99 + 0.30 (4.36) 3.71 + 0.33 (4.04)
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the acidic nature of the HEL, which deteriorates the adjacent
active layer polymer and fullerene derivatives."** In line with
these studies, devices with PEDOT:PSS showed unstable Jgc and
FF, which decreased by 70% and 29%, resulting in a PCE drop of
80%, after 2 days. After 4 days of degradation, the PCE showed
a total decrease of 87%. Although the device without an HEL
showed relatively better stability than that with PEDOT:PSS, it
still showed a PCE decrease of 40% after 4 days. On the other
hand, the shelf lifetime of GO-based OSCs was measured to be
much better than that under the other conditions. In particular,
the GO-based device showed no decrease in PCE after 2 days,
maintaining its fresh condition. After 4 days of degradation, the
GO-based OSCs showed a PCE decrease of 22%. Therefore, we
can conclude that GO is a great candidate for an OSC since it
possesses comparable efficiency and significantly improved
stability compared to PEDOT:PSS. For further confirmation, the
2 week shelf lifetime tendencies of the devices were measured
(Fig. S771), and GO-based OSC offered the most stable perfor-
mance maintaining 50% of its initial value, which is a consis-
tent result with the 4 day shelf lifetime evaluation (Fig. 3(c)).

To analyze the charge transport characteristics within the
OSC, we plotted the photocurrent (J,,) as a function of the
effective voltage (Veg)***® from the equation,

9eper 't
Ton = Q(Tq> GV (1)

where J,;, is the photocurrent, g is the elementary charge, ¢, is
the permittivity in a vacuum, ¢, is the relative permittivity, u is
the charge mobility, G is the generation rage, and Vg is the
effective voltage. In brief, J,, is the dark current density sub-
tracted by the current density under illumination, V¢ is the bias
voltage (Vpias) deducted from the built-in voltage (V;), where V,
is the voltage of J,j, is zero. According to various former articles,
the charge transport properties can be divided into ohmic,
space-charge limited, and saturation regions. Concerning the
Jon—Vesr characteristics, the ohmic region shows linear depen-
dence of Jpn, on Vg, implying an effective charge extrapolation
upon light illumination. However, after some saturated point of
Veir; the Jpn starts to saturate with significantly decreased
increment upon V., considering the space-charge limited
region is absent. On the other hand, J,, shows a square root
dependence on Vg, an SCLC behavior, under the presence of
space-charge limited region. In the case of OSCs, the space-
charge limited region usually originates from the imbalance
between electrons and holes, resulting in high recombination
and a significant decrease in FF.***® For the pristine OSCs
(Fig. 4), all devices showed J,,, with a power dependence of 0.15-
0.19 to Veg, right after the ohmic region. However, after 4 day
aging in an ambient condition without encapsulation, the
devices showed different behavior depending on the HELs.
While none HEL and GO-based devices showed a slight increase
in the slope from 0.15 and 0.17 to 0.23 and 0.21, PEDOT:PSS-
based device showed a drastic increment from 0.19 to 0.48
after the region of V¢ = 0.11 V, which is close to the square root
dependence of space-charge limited conditions. Therefore, it
can be interpreted that the charge transfer nature of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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PEDOT:PSS-based OSC changed from saturation region to SCLC
region, revealing the charge asymmetry after degradation.
Likewise, the FF of PEDOT:PSS device retained only 65% after 2
day degradation. This difference can be ascribed to the unfa-
vorable acidic nature of PEDOT:PSS that is known to be detri-
mental to the adjacent organic layers.**** However, the GO-
based OSC showed an ignorable change, which is in line with
the robust device characteristics upon aging, retaining 100% of
its initial FF. Thus, it can be concluded that the different degree
of space-charge limited behavior after degradation is the reason
for the variant shelf lifetime of OSCs.

To obtain further insight, impedance spectroscopy was per-
formed on the devices with different HELs (Fig. 5). The electrical
impedance spectroscopy-derived Cole-Cole plots have been
widely used in solar cell research since they provide a compel-
ling clue for determining the resistive characteristics. The Cole-
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Cole plots are widely used to extrapolate the recombination
resistance (Ry.) through the low-frequency arc.*””> While some
of the studies related the decrease in R... to the enhanced
charge transport,®”> some of the articles reversely related the
increase in Ry, to the reduced disadvantageous charge recom-
bination at the interface’ or binary photoactive layer struc-
ture.®® Assuming the equivalent circuit as a series component of
each component consisting of parallel resistance and capaci-
tance units, Cole-Cole plots were measured, varying the
frequency from 100 Hz to 50 MHz. Regardless of the HEL, they
showed values of approximately 150 Q at high frequencies,
attributed to the same ITO series resistance. However, they
differed significantly in the low-frequency resistance, Rye.. At
low frequency, the non-HEL device showed the lowest resis-
tance of 8.4 kQ, while the plot with GO showed 126 kQ at
100 Hz, and that with PEDOT:PSS showed 252 kQ. First, the
different resistances between the non-HEL and GO devices
might originate from the GO layer effectively functioning as
a dielectric layer.>**° In addition, despite the small thickness of
the GO layer of 5 nm (Fig. 1(d)), GO works well as a dielectric
layer between the ITO and active layers and inhibits excessive
charge migration or unfavorable charge quenching at the
interface,** which results in an increase in R... from 8.4 kQ to
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Fig. 6 Normalized values of the photovoltaic parameters of devices
with composite HIL as a function of the GO doping ratio from 0.5 wt%
to 3 wt% compared to pristine PEDOT:PSS.
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126 kQ. Furthermore, the GO resistive component is smaller
than the PEDOT:PSS resistive component because of the
significantly tiny thickness of GO despite the high conductivity
of PEDOT:PSS.

It is also crucial that the GO works well as a p-dopant into the
PEDOT:PSS, which increases device performance. In Fig. 6, the
photovoltaic parameters are plotted for the GO doping ratio
ranging from 0.5 wt% to 5 wt%. According to a former article,
mixing GO and PEDOT:PSS efficiently enhances the device
characteristics by weakening the interaction between PEDOT
and PSS, and forming an extra conductive network.” In line
with the studies, the mixed HEL showed an increased perfor-
mance until some point. While Jsc showed a steady increase,
VOC showed the highest growth in 3 wt%, while FF decreased
continuously. The combined index of all other 3 factors, the
PCE, showed the optimized point at 1 wt% showing 24%
improvement. However, for doping ratio exceeding 25 wt% to
75 wt%, the overall device performance showed a severe
decrease (Fig. S8f), which is in line with the former articles
reporting disadvantageous morphology variation upon exces-
sive composite ratio.” Therefore, if the stability is not a big
concern, introducing the GO into the PEDOT:PSS with an
optimized ratio will provide a proper method in increasing the
efficiency of conventional optoelectronic devices.

Conclusions

In conclusion, we revealed that GO is one of the most appro-
priate candidates for HELs in OSCs. The topography images
showed good surface properties without any aggregation of
flakes and superior optical characteristics with high trans-
mittance (Fig. 1). Furthermore, the initial performance of
devices with GO and PEDOT:PSS showed almost comparable
values (Fig. 3(a)), while they showed a massive difference in the
shelf lifetime or stability in which the GO-based device exhibi-
ted a 6-fold increment compared to the PEDOT:PSS-based
device (Fig. 3(c) and S6t). The enhanced shelf lifetime origi-
nated from the different degrees of involvement of space-charge
limited region depending on the HELs (Fig. 4), which was
supported by the following impedance spectroscopy (Fig. 5).
Moreover, the mixed HEL with PEDOT:PSS and GO also offers
increased efficiency, where the doping ratio of 5 wt% was found
to be the optimized point with 24% improvement in PCE
(Fig. 6). This study will provide practical and considerable
insight into developing high-performing and substitutional
HEL materials highly required in various optoelectronic areas.
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