Open Access Article. Published on 24 July 2015. Downloaded on 6/14/2026 6:35:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue

REVIEW

CrossMark
& click for updates

Cite this: RSC Adv., 2015, 5, 73575

Stability of graphene-based heterojunction solar
cells

Eric Singh®® and Hari Singh Nalwa*®

Bulk-heterojunction (BHJ) solar cells based on organic small molecules and polymers are the focus of
increasing attention by science and commerce. In organic photovoltaic devices, a conjugated polymer
layer is used as the donor, while a fullerene-based derivative is used as the acceptor. Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is one of the most common interfacial
materials used for organic BHJ solar cells. However, PEDOT:PSS is acidic and hygroscopic in nature, and
it inherits microstructural inhomogeneities that cause not only gradual degradation, but a complete
failure of BHJ solar cell devices. There is a growing interest in graphene-based solar cells because
graphene-based materials offer ease of solution processability, high optical transparency, and high
power conversion efficiency. Graphene has been actively investigated for use as a transparent
conducting electrode, and as a photoactive layer in fabricating solar cell devices. Power conversion
efficiency in the range of 10% to 15% for graphene and inorganic semiconductor-based hybrid
heterojunction solar cells, and 15.6% for graphene-containing perovskite solar cells has been observed.
Organic materials-based solar cells degrade not only from environmental exposure, but also from
photo-oxidation caused by light illumination. In addition to higher power conversion efficiency, stability

in graphene-based solar cells is critically important for commercial applications. In this review article, the
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Accepted 24th July 2015 stability of graphene-based heterojunction solar cells under atmospheric conditions is evaluated. Current
studies show that the insertion of a graphene buffer layer into solar cell heterostructures stops

DOI: 10.1035/c5ral1771b degradation and enhances stability in solar cell devices. Long-term environmental stability of graphene-

www.rsc.org/advances based heterojunction solar cells for commercial applications is discussed.

“William S. Hart High School, 24825 North Newhall Avenue, Santa Clarita,
California 91321, USA

Eric Singh is a senior at William
S. Hart High School in Los
Angeles, USA. He ranks first
among 557 students with a GPA
of 4.81. He scored 800 in both
SAT Math I and SAT Math Level

II, and scored 5s in seven
Advanced  Placement  (AP)
exams. Eric received the

“National AP Scholar” award in
2015, and “AP Scholar with
Distinction” awards in 2014 and
2015. Eric has worked on the
plasma jet printing of nanomaterials under Dr M. Meyyappan at
the NASA Ames Research Center and on solar cells at MIT during
summer internships. He has co-authored two articles: “Graphene-
based bulk-heterojunction solar cells: A review”; and “Graphene-
based dye-sensitized solar cells: A review”.

This journal is © The Royal Society of Chemistry 2015

*Advanced Technology Research, 26650 The Old Road, Suite 208, Valencia,
California 91381, USA. E-mail: nalwa@mindspring.com

Dr Hari Singh Nalwa has auth-
ored 114 volumes of scientific
books, 160 research articles, 25
book chapters, and 18 patents in
cross-disciplinary research areas
of nanotechnology and mate-
rials science. Dr Nalwa received
the “Award of Excellence” from
the Association of American
Publishers for the Handbook of
Nanostructured Materials and
Nanotechnology, 5-volume set
(Academic Press, 2000), and
“Best Reference Work Award” from the American Society for
Engineering Education for the Encyclopedia of Nanoscience and
Nanotechnology, 10-volume set (American Scientific Publishers,
2004). Dr Nalwa is the Founder, President, and Chief Executive
Officer (CEO) of American Scientific Publishers (http://
www.aspbs.com), which he established in 2000.

RSC Adv., 2015, 5, 73575-73600 | 73575


http://crossmark.crossref.org/dialog/?doi=10.1039/c5ra11771b&domain=pdf&date_stamp=2015-08-29
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5ra11771b
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA005090

Open Access Article. Published on 24 July 2015. Downloaded on 6/14/2026 6:35:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

1. Introduction

For commercial applications, the long-term stability of solar cell
devices against air, humidity, temperature, and light illumina-
tion over an extended period of time is of immense importance
because organic solar cells degrade more rapidly under atmo-
spheric conditions compared with their counterpart inorganic
semiconductor-based solar cells such as crystalline silicon (Si),
gallium arsenide (GaAs), cadmium telluride (CdTe), copper
indium gallium selenide (CIGS) and multijunction solar cells.
For example, silicon-based solar cells have been widely used
around the world, and they exhibit excellent long-term stability;
the lifetime of a crystalline silicon-based solar cell exceeds 20
years under ambient conditions.”* Graphene also falls in the
organic solar cell category. Organic polymers-based bulk-
heterojunction (BHJ) solar cells have been extensively investi-
gated, where an active layer of an organic conjugated polymer is
used as the donor and a fullerene-based derivative is used as the
acceptor. The power conversion efficiency (PCE) of organic solar
cells is progressively increasing each year, polymer solar cells
with highest PCEs are discussed here. Fig. 1 shows the chemical
structures of a few materials commonly used in fabricating
organic BHJ solar cells that will be mentioned throughout this
article. He et al.® reported a PCE of 8.24% from a conventional
solar cell structure and 9.21% using an inverted structure
ITO-cathode/poly[(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-
fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN)/poly(thieno[3,4-b]-
thiophene/benzodithiophene) (PTB7):PC,,BM([6,6]-phenyl C;
butyric acid methyl ester/MoO;/Al/Ag anode. Liao et al.* fabri-
cated a single-junction inverted polymer solar cell based on a
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low-bandgap polymer, poly[4,8-bis(5-(2-ethylhexyl)thiophen-
2-yl)benzo[1,2-b:4,5-b'|dithiophene-co-3-fluorothieno[3,4-b]
thiophene-2-carboxylate] (PTB7-Th), and a ZnO-doped indium
and fullerene derivative (InZnO-BisCe,) cathode interlayer.
The solar cell structure ITO/INZnO-BisCgo/PTB7-Th:PC,,BM/
MoO;/Ag showed a short-circuit current density (J.) of 17.24 mA
cm 2, an open-circuit voltage (V) of 0.80 V, and a fill factor
(FF) of 74.1%, resulting in a PCE of 10.31%. You et al.” reported
a certified PCE of 10.6% for a polymer solar cell containing a
low-bandgap polymer poly[2,7-(5,5-bis-(3,7-dimethyloctyl)-5H-
dithieno[3,2-b:2,3'-d]pyran)-alt-4,7-(5,6-difluoro-2,1,3-benzothia
diazole)], with a bandgap of 1.38 eV. As supported by these
reports, organic solar cells have broken the 10% PCE barrier.
Huo et al.® prepared a wide-bandgap (E, = 1.85 eV) highly rigid
backbone copolymer, poly{dithieno[2,3-d:2’,3'-d'[benzo[1,2-
b:4,5-b'|dithiophene-co-1,3-bis(thiophen-2-yl)-benzo-[1,2-c:4,5-¢']
dithiophene-4,8-dione} (PDBT-T1), consisting of an electron-
rich DTBDT subunit and an electron-deficient 1,3-bis(5-bromo-
thiophen-2-yl)-5,7-bis(2-ethylhexyl)-4H,8H-benzo[1,2-c:4,5-¢']
dithiophene-4,8-dione (T1) subunit. Single-junction PDBT-
T1:PC,,BM:PEDOT:PSS-based organic solar cells showed a PCE
of 8.3%, which increased to 9.74% when treated with 1,8-diio-
dooctane. Liao et al.” fabricated inverted polymer solar cells
based on a low-bandgap polymer, poly[4,8-bis(5-(2-ethylhexyl)
thiophen-2-yl)benzo[1,2-b:4,5-b']-dithiophene-co-3-fluorothieno
[3,4-b]thiophene-2-carboxylate] (PTB7-Th). Solar cells with
ITO/ZnO and ZnO-Cg,/PTB7-Th:PC,;BM/M00O;/Ag showed PCE
values of 7.64% with ZnO cathode and 9.35% with ZnO-Cg,
cathode. Zhou et al.® reported a PCE of 9.0% for a single-cell ITO/
PEDOT:PSS(Al)/PTB7-Th:PC,;BM/Al structure and a PCE of 11.3%

(d) PCs1BM

CgH17

(f) PCDTBT

Fig.1 Chemical structures a few materials commonly used in fabricating organic solar cells: (a) poly(3,4-ethylenedioxythiophene) (PEDOT); (b)
poly(styrenesulfonate) (PSS); (c) poly(3-hexylthiophene) (P3HT); (d) [6,6]-phenyl-Cg;-butyric acid methyl ester (PCg1BM); (e) poly[4,8-bis(5-(2-

ethylhexylithiophen-2-yl)benzol[1,2-b:4,5-b'ldithiophene-co-3-fluorothieno[3,4-blthiophene-2-carboxylate]

(PTB7-Th); and (f) poly[N-9-

heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-2,1,3-benzothiazole)] (PCDTBT).

73576 | RSC Adv., 2015, 5, 73575-73600

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5ra11771b

Open Access Article. Published on 24 July 2015. Downloaded on 6/14/2026 6:35:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

for a tandem solar cell using different hole transport layer (HTL)
materials, showing a 25% enhancement in PCE value compared
with a single cell due to increased light absorption.

Like silicon-based solar cells, the long-term environmental
stability of organic BH]J solar cells is of critical importance.
Physical properties such as resistance, carrier mobility, optical
transparency, and power conversion efficiency for all types of
organic materials in solar cell devices change as the devices are
exposed to air and other chemicals in the environment. Factors
such as chemical degradation through air exposure, water
absorption by hygroscopic photoactive layers, and the photo-
oxidation of active layers and metal electrodes under light
illumination affect and alter the overall photovoltaic perfor-
mance and stability of organic materials-based solar cell devices
as a function of time under different ambient conditions.***
Consequently, sometimes encapsulation is employed to protect
solar cell devices from air, humidity, and light exposure, and
this prevents degradation.

The durability of solar cell devices is evaluated from the
standpoint of chemical stability based on materials in the air,
degradation caused by reactions with water and oxygen mole-
cules, and the potential degradation of electrode materials. The
lifetime of a solar cell device is governed by materials used for
donor, acceptor, electrode, and buffer components. Lee et al.*®
reviewed the stability of polymer-based solar cells and pointed
out that degradation arises from the macrophase separation of
donor-acceptor blends, as well as the photo-oxidation of active
layers and donor materials due to the diffusion of water and
oxygen molecules from the interface of the interlayer/electrode.
They also discussed approaches to stabilize and protect solar
cell devices from degradation. To stop degradation of solar
cells, improvement and stability of the morphology of donor-
acceptor blends, photoactive materials, and interfaces between
interlayer and metal electrode (anode, cathode) are important.
Approaches such as encapsulation, photo-crosslinking, and the
deposition of buffer layers in organic solar cells have been used.
Potscavage et al.** studied the stability of ITO/pentacene/Ceo/
bathocuproine/Al heterojunction solar cells and found that
encapsulated devices with 200 nm-thick Al,O; film degraded by
6% over a period of 6145 h (over 250 days) in ambient air
atmosphere, compared to a ~20% drop in power conversion
efficiency (PCE) after 10 h for an unencapsulated solar cell
device. Kanai et al.*®> used a molybdenum trioxide buffer layer
for improving stability in organic solar cells. Jeon and Lee*
used a phosphine oxide type cathode modification layer to
improve high-temperature stability in organic solar cell devices.
Wang et al.>* enhanced stability with lithium benzoate as a
cathode interfacial layer, and Sendergaard et al.*® used poly-
urethane encapsulation of polymer solar cells, while Gaynor
et al*® applied laminated nanowire electrodes to inverted
polymer solar cells. Many other approaches and studies of long-
term stability of organic solar cells have been reported.>”~*°

2. Graphene-based materials

Graphene consists of a single atomic sheet of graphite, and has
been extensively studied in the many research fields of science,

This journal is © The Royal Society of Chemistry 2015
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engineering, and medicine. The 2D graphene structure can be
transformed into large-area stretchable ultrathin films,**
sheets,**** nanoribbons, and large-area graphene paper*
and foams.**** Graphene-based materials have been used in
supercapacitors,* organic solar cells,’**® biosensors,” field
emission cathodes,*** and touch screen-panel devices.**

Graphite oxide (oxidized graphite) and graphene oxide (GO),
an oxidized single- or multi-layered individual graphene sheet,
are precursors to graphene (Fig. 2). Various oxygen functional
groups, such as hydroxyl (-OH), carboxyl (-COOH), carbonyl
(-C-OH), epoxide (C-O-C), and 5- and 6-membered ring lactols
have been identified in graphite oxide or GO.>**® In connection
with electrical properties and photovoltaics, few-layer graphene
(FLG) exhibits very high carrier mobilities of 10 000 cm®* V' s™*
at room temperature and 97.7% optical transparency.” GO,
reduced graphene oxide (rGO), and graphene have been used in
fabricating organic solar cells, therefore, their thermal stability
is briefly discussed. GO-containing oxygen functional groups
can be reduced to graphene sheet by various reduction
processes, including thermal annealing at elevated tempera-
ture®® and chemical reduction using hydrazine,*® which removes
oxygen groups from GO and induces higher thermal stability
and electrical conductivity. Thermal reduction of GO to gra-
phene is associated with the elimination of carboxyl, hydroxyl,
and epoxy groups, which also causes structural changes.

Many approaches have been employed for the reduction of
GO to graphene. Wang et al.*® reported thermal-decomposition
reduction of GO to graphene in air at 300-350 °C for 1 h, with

39-41

Fig. 2 Chemical structures of graphene oxide (GO) and graphene.
GO-containing oxygen functional groups such as hydroxyl (—OH),
carboxyl (-COOH), carbonyl (-C-OH), and epoxide (C-O-C), can be
eliminated, and GO can be reduced to graphene sheet by various
reduction processes, including thermal annealing at elevated
temperature and by chemical reduction, which induces higher thermal
stability and electrical conductivity.
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the release of O,, CO, CO,, and H,O molecules from the GO
surface. Mathkar et al.>® performed a stepwise controlled study
on the reduction of GO by exposure to hydrazine vapors and
manipulation of its band gap by analyzing infrared absorption
frequencies. Carbonyl groups were found to be reduced first;
tertiary alcohol groups were the last to be removed from the GO
surface. With this controlled reduction process, the optical
band gap progressively changed from 3.5 eV to 1.0 eV. The XPS
spectra also concurrently evidenced an increase in the carbon/
oxygen (C/O) ratio. Park et al.** compared the hydrazine reduc-
tion of GO particles and exfoliated individual graphene oxide
platelets. The reduced materials were found to exhibit different
chemical and structural properties as analyzed by elemental
analysis, TGA, XPS, XRD, and SEM methods. The hydrazine
reduction of GO platelets resulted in agglomerates of exfoliated
platelets, whereas the reduction of GO particles produced non-
exfoliated particles. Furthermore, BET surface area and the
degree of chemical reduction of rGO nanoparticles both were
found to be lower compared with chemically reduced rGO. Acik
et al.®* investigated the removal of oxygen in rGO using in situ
transmission infrared absorption spectroscopy of GO films after
thermal annealing between 60 °C to 850 °C in a vacuum. They
identified epoxide, hydroxyl, carboxyl, lactol, ether, and ketone
groups, as well as derivatives, from the spectroscopic results.
The thermal reduction of GO was found to yield defective gra-
phene structures due to remaining oxygen groups even after
annealing at 850 °C. A longer annealing time was found to be
more effective in removing the remaining oxygen groups, at
around 600 °C.

It is important to understand the thermal stability of
graphene-based materials for commercial applications. Zhang
et al.® reported thermogravimetric analysis (TGA) of GO sheets,
which showed more than 30% weight loss at 110-230 °C due to
the removal of thermal-labile oxygen groups. The longer
oxidation time as well as more oxidants induced much faster
weight loss from 110 °C to 230 °C, evidencing lower thermal
stability associated with more functional oxygen groups. The
initial reduction of GO is accompanied by the removal of
absorbed water at 100 °C and thereafter by decomposition of
thermal-liable oxygen functional groups on the GO surface.
Shen et al.*®® performed TGA on rGO and pointed out that the
removal of oxygen functional groups significantly increased
thermal stability for rGO, which exhibited 2% weight loss at 700
°C in a nitrogen atmosphere. It is evident that graphene-based
materials are quite stable at moderate-to-high temperatures.
The thermal-labile oxygen groups in GO give rise to low thermal
stability compared with a graphene sheet, which shows stability
at up to 700 °C. The structural transformation from GO to rGO
and to graphene is accompanied by gradual changes in band
gap, hence, electrical conductivity and thermal stability also are
significantly influenced by this structural change. Both of these
parameters have a significant effect on the photovoltaic prop-
erties and stability of graphene-based solar cells.

The mass production of solution-processable, chemically
exfoliated GO and the dispersion behavior of GO and rGO have
been reported. Sun and Fugetsu® reported the mass production
of GO from expanded graphite using a deviation from the
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conventional Hummers method. Fully exfoliated GO was
prepared from expanded graphite having 15 um diameter as the
precursors. The method facilitates the production of graphene
with few functional groups, increased thermal stability,
decreased resistivity, and low impurities. The traditional
Hummers method inherits a low reduction rate as well as safety
issues, while being safe and applicable to the mass production of
GO. In an interesting study, Konios et al.*® reported the disper-
sion behavior of GO and chemically rGO in 18 different organic
solvents. A variety of solvents was used to examine the effect of
the reduction process on GO solubility, and were analyzed in
connection with solvent polarity, surface tension, and Hansen
and Hildebrand solubility parameters. The effect of the removal
of oxygen-containing functional groups during the reduction
process on the quality of dispersion was observed. The Hansen
and Hildebrand parameters of GO and rGO indicated a strong
effect of the reduction process on solubility and stability. The GO
showed excellent dispersion in N-methyl-2-pyrrolidone (NMP),
N,N-dimethylformamide (DMF), ethylene glycol, tetrahydrofuran
(THF), and water. The solutions of GO in NMP, ethylene glycol,
and water showed significant long-term stability. TGA was used
to analyze weight loss as a function of temperature for dried GO
and rGO. Absorbed water molecules from GO evaporated from
room temperature to 200 °C, then the decomposition of oxygen
functional groups occurred, with 40% weight loss up to 600 °C.
The rGO exhibited higher thermal stability than GO due to the
removal of oxygen functional groups during the reduction
process.

There has been significant confusion and inconsistency with
graphene-based materials, so Bianco et al.*® attempted to clas-
sify 2D graphene materials. Graphene, few-layer graphene,
multi-layer graphene, graphene nanosheet, exfoliated graphite,
graphene nanoribbon, graphene quantum dots, graphene
oxide, graphite oxide, reduced graphene oxide, derivative terms,
and other materials have been defined in detail. Wick et al.*’
suggested a classification approach for graphene-based mate-
rials (GBMs) and an excellent explanation that is summarized
here. Fig. 3 shows the classification grid for categorizing
different graphene types according to three fundamental GBMs
properties: the number of graphene layers, atomic C/O ratio,
and average lateral dimension. The different graphene-based
materials depicted at the six corners of the box show ideal
cases in accordance with lateral dimensions and the number of
graphene layers reported in the literature. The values of GBMs
are also shown at the nano- and micro-scale. GBMs consist of
single-layer graphene to few-layer graphenes (i.e., 2-10 layers),
graphene oxide (GO) and reduced graphene oxide (rGO) are
generally a single layer, graphene nanosheets, ultrafine graphite
(over 10 graphene sheets but less than 100 nm in thickness).
The number of layer determines the thickness, the specific
surface area, and bending elasticity. The lateral sizes of GBMs
cover several orders of magnitude, from the nanoscale (10 nm)
to the microscale (20 mm). Pristine graphene is hydrophobic in
nature, whereas the GO surface consists of hydrophilic regions
with hydrophobic islands. GO can be viewed as a derivative of
graphene, having hydroxy, carbonyl, and epoxy groups on the
planar surfaces and edges.

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Classification grid for categorizing different graphene types according to three fundamental graphene-based materials (GBMs) properties:
the number of graphene layers, atomic carbon/oxygen (C/O) ratio, and average lateral dimension. Reprinted with permission from ref. 67,
P. Wick, A. E. Louw-Gaume, M. Kucki, H. F. Krug, K. Kostarelos, B. Fadeel, K. A. Dawson A. Salvati, E. Vazquez, L. Ballerini, M. Tretiach, F. Benfenati,
E. Flahaut, L. Gauthier, M. Prato and A. Bianco, Classification Framework for Graphene-Based Materials, Angew. Chem., Int. Ed., 2014, 53, 7714—

7718. Copyright © Wiley-VCH.

While Bianco et al.*® and Wick et al.*” classified and differ-
entiated GBMs by explaining graphene, graphene oxide, and
reduced graphene oxide, a number of reviews have been pub-
lished on the nature, processability, and properties of different
GBMs.%*77 Cong et al’ reviewed functional GBMs with
dimensionality aspects such as 1D graphene fibers/ribbons, 2D
structured graphene films/papers, and 3D network-structured
graphene and their composites. The most common graphene
production methods, including mechanical exfoliation, liquid-
phase exfoliation, ultrasonification, reduction of graphene
oxide, bottom-up synthesis, epitaxial growth on SiC, and
chemical vapor deposition (CVD), as well as synthetic GBMs
such as graphite oxide, graphene oxide, and reduced graphene
oxide, and their processability and properties have been
reviewed by Ambrosi et al.,”® Raccichini et al.,** and Zhu et al.®*
in connection with energy storage applications.

3. Graphene-based heterojunction
solar cells

Research and development on graphene-based solar cells has
been rather rapid compared to organic solar cells. Currently,
graphene-based solar cells show PCEs in the range of 10% to
15%, depending on the solar cell configuration and materials.
A PCE of 10.56% has been observed for a 5-layer graphene/
P3HT/CH;-Si organic solar cell with a 4 mm?® device area by
Xie et al.®* In an interesting development, Tsuboi et al®
reported a PCE of 11.1% for a trilayer-graphene/MoS,/n-Si
solar cell with 9 nm-thick MoS, layer. Xu et al.®** showed a

This journal is © The Royal Society of Chemistry 2015

PCE of 13.3% with 82.3% optical transparency for PEDOT:PSS/
AgNWs/graphene oxide transparent conductive electrode
(TCE)-based organic-Si hybrid solar cells. Li et al.®® reported an
experimental PCE value of 15.5% with an Al,0;-coated
graphene/n-GaAs solar cell, and predicted a theoretical PCE of
25.8% for graphene/n-GaAs hybrid solar cells. Song et al.®®
reported a PCE of 12.4% for graphene/n-silicon devices with
an interfacial oxide thickness of 15 A after chemical doping
with AuCl;, and a PCE of 15.6% after using TiO, antireflective
coating (ARC). Yusoff et al.*” used Au-doped single-layer gra-
phene nanoribbons as a transparent conducting electrode
instead of ITO. When Au-doped single-layer graphene nano-
ribbons were used in a tandem solar cell structure, a PCE of
8.48% was obtained, which is the highest efficiency for ITO-
free tandem organic solar cells. The incorporation of a gra-
phene/TiO, layer in a perovskite-based solar cells resulted in
the highest PCE of 15.6%, as reported by Wang et al.®*® The
graphene and perovskite combination seems very interesting
for enhancing the photovoltaic performance and stability of
solar cell devices. Graphene-based materials have demon-
strated a great potential for solar cell devices in a short span of
time. Equally important is the stability of these graphene-
based solar cells under ambient atmospheric conditions. In
this article, current results on stability/degradation of
graphene-based solar cells are discussed, and their potential
for commercial applications in solar cell industries is
considered. Current knowledge, as well as strategies for
minimizing degradation and for improving the lifetime of
graphene-based solar cells under ambient atmospheric
conditions, is discussed.
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4. Stability problems with organic
solar cells

In general, a PEDOT:PSS blend has been widely used as an
anode interfacial material in electronics and photonics because
of its ease of solution processability, high electrical conduc-
tivity, and optical transparency.®® The electrical conductivity
of this blend results from the doping of the conjugated poly-
thiophene backbone-based PEDOT with polystyrene sulfonic
acid. PEDOT:PSS suffers from several drawbacks that cause low
stability or even a complete failure of PEDOT:PSS-based organic
light-emitting diodes (OLEDs) and organic solar cell devices. In
organic solar cells, PEDOT:PSS is generally used as an interfa-
cial material between the photoactive layer and the ITO
electrode.

PEDOT:PSS has a low conductivity compared to ITO, which
limits its applications in devices; therefore, chemical doping
and thermal annealing,”** as well as composites,” have been
used to enhance the conductivity and environmental stability of
solar cell devices. However, there is a tradeoff between optical
transparency and electrical conductivity of a PEDOT:PSS
system: higher conductivity induced by chemical doping or
thermal annealing leads to decreased optical transmission,
which means restricted absorption of light, resulting in a lower
PCE of PEDOT:PSS-based solar cell devices. To overcome this
drawback and find a balance between conductivity and optical
transparency, Kymakis et al.** used single-walled carbon nano-
tubes (SWCNTs)/PEDOT:PSS as the hole collecting electrode for
P3HT:PCBM-based solar cells.

Spin-coated PEDOT:PSS films suffer from morphological
phase segregation, which causes anisotropy in conductivity due
to the inhomogeneous distribution of conducting PEDOT and
insulating PSS grains, giving rise to inhomogeneous charge
extraction in solar cells. Pingree et al.*® reported microstructural
inhomogeneities in PEDOT:PSS thin films by using conductive
atomic force microscopy where 20 nm size conducting regions
were found to be surrounded by insulating regions. The density
of the conducting PEDOT regions significantly improved by
lowering the PSS amount and by increasing thermal annealing
time. Nardes et al.”” performed scanning probe microscopy with
conductivity measurements to examine anisotropic conduc-
tivity of PEDOT:PSS thin films and found PEDOT-rich particles
separated by quasi-continuous PSS lamellar structures. Wei
et al.*® demonstrated that the addition of ethylene glycol (EG) to
PEDOT:PSS solution can significantly improve the crystallinity
and ordering of PEDOT in solid thin films as evidenced by
grazing-incidence wide angle X-ray diffraction (GIWAXD) and
grazing-incidence small-angle X-ray scattering (GISAXS). It also
increases the electrical conductivity of the PEDOT:PSS blend
due to enhanced carrier mobility and density. In context with
graphene materials, Gao et al.*® doped poly(3-hexylthiophene)
(P3HT) film by depositing a thin layer of graphene oxide (GO),
which increased the electrical conductivity of P3HT by six
orders of magnitude. Also, the effect of GO surface doping on
inverted P3HT:PCg,BM solar cells was examined, where solar
cell devices without a GO interfacial layer showed very poor
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photovoltaic performance. The inverted P3HT:PC4BM solar
cells with Al and Ag anodes showed PCEs of 0.21% and 0.84%,
respectively, whereas with a GO interfacial layer, PCEs for GO/Al
and GO/Ag anodes increased to 2.77% and 3.94%, respectively.

The deposition of a PEDOT:PSS layer is a water-borne
process, therefore, thermal annealing at elevated temperature
generally is used to remove water molecules from organic solar
cell devices to ensure their stability under ambient conditions.
The PEDOT:PSS blend being hygroscopic in character, it
potentially reabsorbs moisture, which affects the performance
of solar cell devices. The hygroscopic and acidic nature of the
PEDOT:PSS blend plays a significant role in corroding the ITO
electrode, other photoactive layers, and the processing equip-
ment. The absorbed water vapors penetrate the active layer,
degrading solar cell devices and leading to failure. Kawano
et al."® reported photovoltaic performance of poly[2-methoxy-5-
(3',7'-dimethyloctyloxy)-1,4-phenylene vinylene] (MDMO-PPV):
PCsBM-based solar cells fabricated on ITO glass with and
without a layer of PEDOT:PSS. Studies on solar cells without any
encapsulation were conducted in dark, white light irradiation,
air, dry oxygen, and humid nitrogen atmospheres as a function
of time. It was concluded that degradation was light-
independent under air exposure and occurs due to the water
adsorption by the hygroscopic PEDOT:PSS layer. Water-caused
degradation decreases the conductivity of the PEDOT:PSS blend
layer, as supported by charge mobility and hole injection
measurements after air exposure. Norrman et al.** also showed
water-induced degradation of P3HT and poly[2-methoxy-5-(2’-
ethylhexyloxy)-1,4-phenylenevinylene] (MEHPPV)-based solar
cell devices by using H,'®0 isotopic labeling experiments.
Norrman et al.”” reported degradation and failure mechanisms
in inverted P3HT:PC4BM solar cells with a ZnO electron
transporting layer and a PEDOT:PSS hole transporting layer
using ITO and Ag electrodes. The major failure takes place at
the interface between PEDOT:PSS and the active layer because
PEDOT:PSS showed phase separation, where PEDOT-rich
regions degrade in an oxygen atmosphere. Both PEDOT and
PSS showed different reactivity toward oxygen. The device
failure was found to be associated with PEDOT:PSS phase
separation and at the PEDOT:PSS-active layer interface. Vor-
oshazi et al.'® also demonstrated the role of a PEDOT:PSS blend
in the degradation of polymer:PC¢q;BM solar cells under
ambient conditions in the dark. The oxidation was found to be
caused by the diffusion of water vapors from the edges into the
hygroscopic PEDOT:PSS layer, therefore, it was the hygroscopic
nature of the PEDOT:PSS blend, not its acidity, which lead to the
degradation of solar cells. When a layer of MoO; was used in
place of the PEDOT:PSS layer, the stability of solar cell devices
considerably improved.

The overall degradation of organic solar cells is a rather
complicated process, but to include a few important factors, it
involves photo-oxidation of conjugated polymeric materials and
fullerene derivatives, eroding of the ITO electrodes, loss of
electrical and mechanical contacts, and morphological inho-
mogeneities. To overcome these drawbacks of PEDOT:PSS-
based solar cells, novel inorganic and organic materials have
been studies as HTLs in BHJ solar cells.

This journal is © The Royal Society of Chemistry 2015
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5. Stability of graphene-based
heterojunction solar cells

Organic solar cells have been studied extensively and are of
great interest to solar cell industries because of their ease of
solution processability, their large-area fabrication and low
weight, and because their electrical, optical, thermal, and
mechanical properties can be fine-tuned.?*?**'®'% Graphene,
because of its solution processability, high thermal and
mechanical stability, as well as its high carrier mobility and
excellent optical transparency, has emerged as a new candidate
material for solar cells. Recently, Singh and Nalwa'®’ reviewed
the current status and understanding of graphene-based bulk-
heterojunction (BH]J) solar cells, where graphene has been
used as a transparent conducting electrode (TCE), electron
transport layer (ETL), hole transport layer (HTL), or electron/
hole separation layer, and as an active interfacial layer in
fabricating organic and hybrid heterojunction solar cell devices.
The authors discuss the role of the number of graphene layers
used, chemical doping, thermal annealing, passivation, perov-
skite materials, and tandem solar cell structure on the photo-
voltaic performance of graphene-based solar cells. Singh and
Nalwa'®® also reviewed current developments in graphene-based
dye-sensitized solar cells (DSSCs), including graphene
composites with carbon nanotubes (CNTs), titanium dioxide

(TiO,), metals, polymers, semiconductors, ionic liquids,
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upconversion nanoparticles, and halide perovskites. In addi-
tion, the role of processing graphene-based materials into
nanoflakes, nanoparticles, multilayers, quantum dots, nano-
foams, nanoplatelets, aerogels, fibers, paper, and nanosheets
on photovoltaic performance was also analyzed. It is important
to consider the long-term storage of graphene-based solar cell
devices. One of the causes of degradation in BH]J organic solar
cells is that the interface between the hole extracting interfacial
layer, PEDOT:PSS, and the ITO anode, as pointed out by Girtan
and Rusu,* leads to failure in solar cells. Studies that reported
on the long-term stability/degradation of graphene-based solar
cell devices (mainly on graphene/n-silicon heterojunction
devices, but with a few other BHJ configurations) in terms of
PCE (n) as a function of time in the air atmosphere are
summarized in Table 1."'"** Some of the reported data on
chemical degradation and photo-oxidation are analyzed in
detail here.

APEDOT:PSS blend has been used as an HTL in organic solar
cells. However, it is highly acidic in nature so it inherits high
chemical reactivity with water molecules that are present in
air, and which corrode the ITO electrode and degrade the
performance of polymer solar cells.®*® Liu et al'® used
thermally reduced graphene oxide (rGO) as an HTL in
fabricating BH]J solar cell devices. It was found that the
annealing temperature influences the conjugated structure of
the graphene sheet and therefore the electrical conductivity of
GO. Solar cell devices containing 230 °C rGO as the HTL

Table 1 Long-term stability and degradation of graphene-based heterojunction solar cell devices in terms of PCE (5) as a function of exposure

time under ambient atmospheric conditions

Power conversion efficiency (1)

Solar cell device Initial PCE value PCE after degradation Exposure time Ref.
Graphene/n-Si (HNO;-doped) 5.47 2.96 8 days 120
Graphene/n-Si (SOCl,-doped) 5.95 3.29 8 days 120
Graphene/n-Si (H,O,-doped) 5.12 2.37 8 days 120
Graphene/n-Si (HCl-doped) 4.93 3.19 8 days 120
Pr-GO* 3.63 2.0 13 days 118
Monolayer graphene/AgNWs-Si 8.68 8.42 7 days 116
4-Layer graphene/SiHA (AuCl;-doped) 10.40 9.65 7 days 121
4-Layer graphene/SiHA (AuCl;-doped) 10.40 8.38 1 month 121
4-Layer graphene/SiHA (AuCl;-doped) 10.40 7.42 3 months 121
Graphene/SiHA (HNO;-doped) 7.65 2.57 7 days 122
Graphene/SiNWA (HNO;-doped) 6.85 4.46 7 days 122
TiO,/monolayer graphene/Si 14.1 6.50 20 days 123
Monolayer graphene/n-Si-CH; (passivated) 4.20° 3.70 28 days 124

2.0° 1.5 28 days 124
CVD-graphene/n-Si (HNOs-doped) 5.0 4.20 15 days 125
CVD-three-layer graphene//n-Si 5.48 4.84 1 month 137
PEDOT:PSS/PCDTBT:PC,,BM/GO 6.72 6.52 30 days 129
PEDOT:PSS/PCDTBT:PC;,BM/GO/TiO, 7.17 6.85 30 days 129
PEDOT:PSS/PCDTBT:PC,; BM/GO/TiO, (in N,) 7.50 7.24 30 days 129
PEDOT:PSS/PCDTBT:PC,,;BM/TiO, 7.02 6.80 30 days 129
PEDOT:PSS/PCDTBT:PC,,BM reference 5.23 2.32 30 days 129
ITO/rGO?/CH;NH,PbI;/PCq; BM/BCP/Ag 9.95 6.0 140 hours 117
ITO/Zn0:Cs,CO3/P3HT:PCBM/GO:PEDOT:PSS/Al 3.33 2.62 28 days 132
ITO/Zn0:Cs,CO3/P3HT:ICBA/GO:PEDOT:PSS/Al 3.70 3.38 28 days 132

“ Reduced GO (pr-GO) by p-toluenesulfonyl hydrazide (p-TosNHNH,). ” PCE recorded at 20 mW cm ™2 at AM 1.5 light source. © PCE recorded at

100 mW cm 2 at AM 1.5 light source. ¢ rGO = reduced GO.
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exhibited a larger fill factor (FF) than solar cell devices
containing 130 °C reduced GO as the HTL. The higher
electrical conductivity of GO annealed at elevated temperature
results from the removal of oxygen functional groups from the
graphene sheet. The work function of GO can be lowered by
increasing the reduction temperature, which leads to
decreased open-circuit voltage (V,.) for high-temperature rGO
solar cell devices. The 26% higher PCE of GO-based devices
compared to bare ITO-based solar cell devices without any HTL
was achieved by optimizing the concentration and spin-coating
speed of GO dispersion. The PCE of the GO-based solar cell
device was 85%, compared to the PCE of the PEDOT:PSS-based
device.

The electron-blocking PEDOT:PSS layer also affects the
photovoltaic performance of organic solar cells. Murray et al.**®
reported that the PCE and durability of organic solar cells suffer
from an electron-blocking PEDOT:PSS layer. Replacing the
PEDOT:PSS layer with GO significantly improved durability in
solar cell devices. PCEs of 7.46% for PEDOT:PSS and 7.39% for
GO interfacial layers were deduced from a statistical analysis of
16 devices fabricated by parallel processing. Fig. 4 shows the
stability characteristics of PTB7:PC,,BM solar cells with tradi-
tional PEDOT:PSS and GO interfacial layers in terms of the
variation of normalized efficiency for thermal and environ-
mental degradation of solar cell devices, with and without
encapsulation. PEDOT:PSS-based solar cell devices degrade
more rapidly, while GO-based devices show an initial degrada-
tion in efficiency and thereafter slower degradation, resulting in
5-fold improvement in PCE retention. A lifetime of 1428 h for
PEDOT:PSS and 7156 h for GO-based solar cell devices were
extrapolated. At 80% relative humidity, solar cells fabricated
with GO showed retention of PCE for longer times compared
with PEDOT:PSS-based devices. A lifetime of 6 h for PEDOT:PSS
and 122 h for GO-based solar cell devices were extracted from
degradation data. Because it is hygroscopic, the PEDOT:PSS
layer attracts water molecules that cause instability and lead to
degradation of unencapsulated solar cells under ambient
conditions with 80% relative humidity. Solar cells based on GO
showed a PCE of 7.5%, as well as 5-fold and 20-fold improve-
ment over the lifetime for thermal aging and 80% humid
conditions, respectively, compared to PEDOT:PSS-based solar
cell devices. This study shows that the use of a thermally stable
and mechanically strong GO layer in place of a PEDOT:PSS layer
induces significantly improved stability in organic solar cells.
Improved stability in organic solar cells also was observed by
Kwon et al.,”** who reported a longer lifetime of UV/ozone-
treated graphene sheets as hole extraction layer (HEL)
compared to PEDOT:PSS-based solar cells. The sheet resistance
was found to increase from 1.1 kQ sq ' to infinity while the
optical transmittance decreased from 95.2% to 93.8% at 550
nm, and work function increased from 4.3 eV to 4.85 eV after 9
min UV-ozone treatment because of carbon-oxygen function-
alization layers. The solar cell with 5 min UV-ozone treated
graphene HEL showed the highest PCE of 3.0% because the
graphene sheet was damaged after 7 min UV-ozone exposure.
The PCE of the PEDOT:PSS-based solar cell device dropped to
0% after 14 h under humid conditions, while the UV/ozone-
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treated graphene-based solar cell device continued to operate
for 26 h. This shows that UV/ozone-treated graphene provides
stability as a HEL layer in solar cells compared to a PEDOT:PSS
layer.
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Fig. 4 Stability characteristics of PTB7:PC;BM-based solar cells with
traditional PEDOT:PSS and GO interfacial layers. Here, PTB7 is an
electron donating polymer, while [6,6]-phenyl-C;;-butyric-acid-
methyl-ester (PC,BM) is the fullerene-based electron acceptor.
(A) Variation of normalized PCE showing thermal degradation of
encapsulated solar cell devices at 80 °C under nitrogen atmosphere.
Inset: plot of the data between 15 h and 50 h. (B) Variation of
normalized PCE showing environmental degradation of unencapsu-
lated solar cell devices. Inset: schematic of the solar cell device used for
humidity testing. Reprinted with permission from ref. 110. |. P. Murray, S.
J. Lou, L. J. Cote, S. Loser, C. J. Kadleck, T. Xu, J. M. Szarko, B. S.
Rolczynski, J. E. Johns, J. Huang, L. Yu, L. X. Chen, T. J. Marks and M. C.
Hersam, Graphene oxide interlayers for robust, high-efficiency organic
photovoltaics, J. Phys. Chem. Lett., 2011, 2, 3006-3012. Copyright ©
2011 American Chemical Society.
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For the fabrication of organic solar cells, Kim et al."** used
solution-processed GO as an anode buffer layer and compared
photovoltaic performance with indium zinc oxide (IZO), IZO/
GO, GO/1ZO, and PEDOT:PSS-based devices, which showed
PCEs of 3.4%, 3.5%, 3.9%, and 3.4%, respectively. Solar cell
devices with GO as an anode buffer layer showed no degradation
after light illumination for 1 h, therefore, a GO/IZO anode buffer
layer provided stability, whereas devices with no GO layer
exhibited very significant degradation under similar conditions.
The PCE of GO/IZO-based devices decreased by 2.81% after
continuous illumination for 5 h. This study shows that the GO
buffer layer improved the stability of solar cells compared with
conventional devices. In another study, Yang et al. ™ used a spin-
coated 2 nm-thick GO buffer layer on an ITO electrode without
any other treatment. The solar cell device had a configuration of
ITO/GO (0-8 nm)/CuPc (35 nm)/Ceo (40 nm)/BPhen (10 nm)/Al.
The 2 nm-thick, 4 nm-thick, and 6 nm-thick GO buffer layer-
based solar cells showed PCEs of 1.9%, 1.7%, and 1.0%,
respectively. With the addition of a GO buffer layer, the PCE of
the CuPc/Cgo-based solar cell device increased from 1.5% to
1.9%, showing a 30% enhancement. Both CuPc/Cg, devices had
similar structural configurations and encapsulation, except for a
2 nm-thick GO buffer layer. The standard CuPc/Cgy-based solar
cell showed a 0.001 drop in initial PCE value after 60 days, while
solar cells with a GO buffer layer retained 84% of initial PCE
value after 132 days. Therefore, the stability of the solar cells was
significantly enhanced by the addition of a GO buffer layer. Fig. 5
shows the variation of PCE response of an encapsulated ITO-
based device and a GO-buffered device as a function of time
stored in a glovebox after fabrication. The 2 nm-thick GO-
buffered device showed an improvement in the stability of the
CuPc/Cg device by the addition of a spin-coated GO buffer layer
on the ITO substrate. The current density-voltage (/-V) charac-
teristics of an encapsulated ITO-based CuPc/Cg, device at 0, 12,
24, 36, 48, 54, and 60 days, and the (/-V) characteristics of a GO

2.5
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buffer layer-based CuPc/Cg, device at 0, 12, 24, 36, 60, 96, and
132 days of storage time is shown in Fig. 6. The J-V curves show
continuous decay in the non-buffered ITO-based solar cell
device, while the J-V curves of the GO-buffered solar cell device
shows only slight changes after 30 days of storage. The GO-
buffered solar cell device retained 78% of its original PCE
value after 205 days of storage. The improvement in stability
results from the GO layer diffusion barrier, which stops the
diffusion of oxygen molecules from the ITO electrode to the
active layers.

Silver nanowires (AgNWs) and graphene hybrids also have
been used for solar cells. Lee et al'* prepared organic
P3HT:PCBM solar cell devices with a AgNWs-graphene hybrid
transparent conducting electrode, where CVD-grown monolayer
graphene was deposited onto pristine AgNWs. The AgNWs-
graphene hybrid-based TCE showed enhanced stability against
thermal oxidation and chemicals because the graphene layer
provided a better gas barrier. Solar cell devices fabricated with a
AgNWs-graphene hybrid also exhibited high photovoltaic
performance and long-term stability under ambient atmo-
spheric conditions. In another study, Ahn et al."** used solution-
processable anode layers of a AgNWs-rGO hybrid TCE for
fabricating BHJ solar cells with a PEDOT:PSS/P3HT:PCBM
blend and LiF/Al cathode. The TCE based on a AgNWs-rGO
hybrid showed better optical transparency and a lower sheet
resistance (Rg) than that of an ITO electrode, as well as
increased stability against thermal oxidation and chemicals.
The AgNWs-1GO electrode-based solar cells exhibited a short-
circuit current density (Js) of 6.38 mA ¢cm™?, an open-circuit
voltage (Vo) of 0.49 V, and a fill factor (FF) of 32.91%, yielding
a PCE of 1.03%. In comparison, a AgNWs transparent electrode-
based control device showed a J,. of 6.42 mA cm ™2, a V. of 0.49
V, and a FF of 38.25%, resulting in a PCE of 1.20%. To examine
the effect of an rGO layer on the thermal oxidation stability of
solar cells, both AgNWs and AgNWs-rGO films were exposed to
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spin-coated GO buffer layer on the ITO substrate without any further treatment. Reprinted with permission from ref. 113, Q.-D. Yang, T.-W. Ng,
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70 °C and 70% relative humidity for 8 days. Although no change
in optical transmittance was observed for either, the Ry, of
AgNWs film was found to increase >300%. In comparison, the
Rgn of the AgNWs-rGO film showed a <50% increase under
similar conditions. Such a big change in Ry, confirms that
AgNWs-1GO films are more thermally stable against oxidation
than AgNWs film because of the impermeability of a GO layer to
oxygen molecules. The Ry, slightly decreased for AgNWs-rGO
film after 48 h because of the enhanced electrical conductivity of
rGO. The study shows that AgNW-rGO film provides higher
thermal oxidation stability than that of the AgNW film due to
the added rGO layer, which is impermeable to oxygen mole-
cules. Yang et al.'*® studied the stability of monolayer graphene-
AgNWs-silicon solar cells at 25 °C and 60% humidity. The PCE
of these graphene-AgNWs-Si cells was found to decrease by 3%,
from 8.68% to 8.42%, over a period of 7 days.

It is known that PEDOT:PSS blends have some disadvan-
tages, being acidic and hygroscopic in nature, which adversely
affects the performance of organic BHJ solar cells. Yeo et al.™"”
reported that a PEDOT:PSS-based solar cell completely deteri-
orated and failed: its PCE was 0% after just 5 days of exposure to
ambient conditions due to the erosion of ITO electrodes. The
hygroscopic and acidic nature of the PEDOT:PSS layer also
facilitated the decomposition of perovskite components in solar
cell devices. However, rGO-based solar cell devices retained 62%
of initial value of PCE (9.95%) up to nearly 6 days, showing
better environmental stability, as opposed to the complete
failure of the PEDOT:PSS solar cell devices. Yun et al.**® used
traditionally reduced GO and p-toluenesulfonyl hydrazide (p-
TosNHNH,)-reduced GO (pr-GO) thin films as an anode inter-
facial layer in solar cells in place of a PEDOT:PSS layer to induce
high PCE and stability in solar cells. The pr-GO-based solar cells
showed an average PCE of 3.63%, which was comparable to
PEDOT:PSS-based solar cells. The PCE of a PEDOT:PSS-based
solar cell dropped to 0% after exposing the device to air for
8640 min (6 days), whereas the pr-GO-based solar cell retained
64% of its initial PCE value after air exposure for 8640 minutes.
Furthermore, after air exposure for 18 720 minutes, the pr-GO-

73584 | RSC Adv., 2015, 5, 73575-73600

based solar cells still retained 54% of their initial PCE. This
clearly shows pr-GO-based solar cells have better stability
against oxygen and moisture than conventional PEDOT:PSS
blend-based solar cell devices.

Different aspects of the stability/degradation of graphene-
based BH]J solar cells have been studied. Liu et al.'* reported
that multilayer-graphene solar cell devices showed better
stability than monolayer-graphene and control devices, because
multiple layers of graphene provide more resistance against air.
Cui et al.™° reported the effect of doping and stability of SOCl,,
H,0,, HNO;, and HCI doped graphene-based solar cells. PCE
values increased from initial values by 230% for HCL, 213.1%
for HNO3, 212.2% for H,0,, and 211.6% for HCI. A pristine
graphene/n-Si solar cell showed a PCE of 2.58%, which
increased to 5.95% after SOCl, doping. The pristine graphene
film showed a sheet resistance (Rqy) of 1053 kQ sq ™', which
decreased to 650, 598, 581, and 514, Q sq~ ' for H,0,, HCI, HNO;
and SOCI, after doping treatment, respectively, indicating that
the electrical conductivity of graphene increased after doping. A
loss of 45% in PCE over a period of 8 days in the air for HNO;-
doped graphene/n-silicon solar cells was observed. The PCEs
retained an enhancement of 21.7% for SOCI,, 17.6% for HCI,
13.6% for HNOj3, and 7.4% for H,O,-doped solar cells compared
with pristine graphene/n-Si solar cell, after storing for 8 days in
the air. In another study, Xie et al.*** studied graphene/silicon
hole array solar (SiHA) cells where micro-hole SiHA were fabri-
cated by photolithography. Fig. 7 shows the photovoltaic char-
acteristics of graphene/Si SiHA Schottky junction solar cell
devices as a function of time. The micro-hole SiHA with 12.8 um
hole depth, along with AuCl;-doped graphene, showed a PCE of
10.40% for the graphene/SiHA solar cell devices. The PCE of
graphene/n-silicon SiHA Schottky junction solar cell devices
was found to be hole depth-dependent, where PCEs of 6.30%,
7.89%, 9.21%, and 10.40% were measured for 3.8 mm, 6.4 mm,
10.2 mm, and 12.8 mm hole depths, respectively. The J,. values
also increased significantly from 20.19 mA cm™? for 3.8 pum-
thick SiHA to 31.56 mA cm 2 for 12.8 pum-thick SiHA-based
solar cells due to the high light absorption by thick micro-

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 (a) Photovoltaic characteristics of a graphene/Si hole array (SiHA) Schottky junction solar cell device over time. (b) Plots of photovoltaic

parameters as a function of time. Reprinted with permission from ref. 121, C. Xie, X. Zhang, K. Ruan, Z. Shao, S. S. Dhaliwal, L. Wang, Q. Zhang,
X. Zhang and J. Jie, High-efficiency, air stable graphene/Si micro-hole array Schottky junction solar cells, J. Mater. Chem. A, 2013, 1, 15348

15354. Copyright © Royal Society of Chemistry.

hole SiHAs. The stability of graphene/SiHA solar cells was
substantially improved. The initial PCE of 10.40% for AuCl;-
doped graphene/SiHA solar cells dropped to 9.65% after 1 week,
showing a 7.2% decrease. Furthermore, the PCE value dropped
to 8.38% after 1 month and to 7.42% after 3 months storage in
air. After 3 months, solar cells retained 71% of the original PCE
value due to the degradation of the AuCl; dopant over time.
AuCl;-doped graphene/SiHA solar cells were more stable than
conventional, volatile oxidant-doped solar cells. As evident here,
chemically doped graphene-based solar cells suffer significantly
more degradation than undoped devices because of the chem-
ical doping effect.

In a similar type of study, Zhang et al.'**> developed graphene/
Si nanoarray Schottky junction solar cells using a SINW array
and a SiNH array. Surface charge recombination, graphene
conductivity, and work function were found to determine the
performance of solar cell devices. The suppression of the
surface recombination with surface passivation, the number of
graphene layers, and doping levels significantly enhanced the
PCE of solar cells. When a P3HT thin layer was inserted as the
electron blocking layer between graphene film and Si nano-
arrays, maximum PCE values of 8.71% and 10.30% were
obtained for SINW and SiNH arrays-based solar cells, respec-
tively. The HNO;-doped graphene/SiNW array and graphene/
SiNH array-based solar cells showed PCE values of 6.85% and
7.65%, respectively. The PCEs of graphene/SiNW array and
graphene/SiNH array-based devices dropped 34.9% and 66.4%
after 1 week, respectively.

Graphene and carbon nanotube-based solar cells were
comparatively investigated. Shi et al.**® reported lower PCEs for
graphene/Si cells than for corresponding CNT-Si solar cells.
Graphene/Si solar cells showed a PCE of 3.78%, which was
enhanced to 8.91% after HNO; doping, and then further
improved to 14.1% with TiO,/HNO; treatment. A colloidal
antireflection TiO, coating was applied on a monolayer
graphene/Si solar cell, which enhanced PCE to 14.5%. When a
TiO,-graphene-Si solar cell was stored in air for 20 days to test
for stability, V,. decreased from 0.60 V to 0.45 V, FF dropped
from 73% to 45%, Js. remained unchanged, and PCE decreased
by 54%. The PCE of the solar cell recovered to 14.5% after
doping with HNO; vapor, which demonstrates that PCE

This journal is © The Royal Society of Chemistry 2015

recovery after doping is a reversible process. On solar cell
devices, chemical dopants gradually begin to evaporate after air
exposure at elevated temperature and under humidity over a
period of time; this consequently decreases both the electrical
conductivity and PCE. As with doping, the PCE of the solar cell
also recovered after applying TiO, antireflection coating, which
seems to be a practical strategy for impeding degradation. Brus
et al."** studied the stability of undoped graphene-Si solar cells,
where the Si surface was passivated with H and CH; groups. The
H-terminated graphene-Si solar cell device showed a very low
PCE of 0.1%, whereas PCEs of CH;-terminated devices were 2%
at 100 mW and 4.2% at 20 mW, which dropped to 1.5% and
3.7%, respectively, after 28 days in ambient conditions. It is
clearly seen here that CH;-passivated Si surfaces induced both
higher PCEs and stability in graphene/n-Si heterojunction solar
cells. Lancellotti et al.**® reported a PCE of 5% for graphene/n-Si
solar cells that were annealed at 200 °C, and thereafter were
immediately exposed to HNO; vapors; the PCE retained 80% of
its original value after 15 days in air. A PCE of 3.4% was recor-
ded for a graphene/n-Si device with no annealing before doping,
which dropped to 1.8% after 15 days in air storage. Li et al.***
reported the effect of thionyl chloride (SOCl,) doping on
graphene/n-silicon Schottky junction solar cells. The chemical
doping increased electrical conductivity of graphene film,
which resulted in a 3-fold increase in PCE. The pristine
graphene/n-Si solar cell showed a Ji. of 12.7 mA cm ™2, a V, of
0.42 V, and a fill factor (FF) of 35%, corresponding to a PCE of
1.84%. After SOCl, doping, all photovoltaic parameters
increased: Js. to 13.2 mA cm ™2, V. to 0.52 V, and FF to 58%, and
PCE increased to 3.93%. The stability of the SOCI,-doped
graphene/n-Si solar cell was examined for a period of 9 days.
Photovoltaic parameters decreased, confirming degradation of
the solar cell performance. Where the PCE was found to stabi-
lize at 2.5% after one week, PCE still remained higher than the
original PCE value of 1.84% for the solar cell before chemical
doping. The decrease in PCE value may be attributed to the
volatility of the SOCI, dopant.

For fabricating BHJ solar cells, Yang et al.™” used cesium
carbonate (Cs,COj3)-functionalized graphene quantum dots
(GQDs) as an electron-selective layer to fabricate BH]J solar cells.
The photovoltaic properties of solar cell devices with ITO/
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Fig. 8 (a) Schematic of a graphene-based P3HT:PCBM solar cell structure containing GQDs—Cs,COs electron-selective layer, and (b) energy band
diagram. The stability/degradation of solar cell parameters as a function of time; normalized (c) power conversion efficiency (PCE; 7), (d) open-
circuit voltage (Vo). (e) fill factor (FF), and (f) photocurrent density (Jsc) of PS3HT:PCBM inverted solar cells containing Cs,COz and GQDs-Cs,COs3
buffer, in air at room temperature and 65% relative humidity without encapsulation. Reprinted with permission fromref. 127, H. B. Yang, Y. Q. Dong,
X. Wang, S. Y. Khoo and B. Liu, Cesium carbonate functionalized graphene quantum dots as stable electron-selective layer for improvement of
inverted polymer solar cells, ACS Appl. Mater. Interfaces, 2014, 6, 1092-1099. Copyright © 2014 American Chemical Society.
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Cs,CO; or (GQDs-Cs,CO3)/P3HT:PCBM/V,05/Au with different
ratios of GQDs to Cs,CO; were fabricated. Fig. 8 shows a sche-
matic inverted P3HT:PCBM solar cell structure with a
GQDs-Cs,CO; buffer layer and energy band diagram, where the
energy level of the buffer layers was calculated using UV-Vis and
UPS measurements, as well as the changes in PCE, V,, FF, and
Jsc as a function of storage time of P3HT:PCBM inverted solar
cell devices containing Cs,CO; and GQDs-Cs,CO; buffer layer
in air at room temperature and 65% relative humidity without
encapsulation. The better hole-blocking ability of a GQDs-
Cs,CO; layer is supported by the fact that the buffer layer-
modified ITO showed the valence band maximum at 3.16 eV
below the Fermi level. The maximum PCE of GQDs-Cs,CO;
solar cells annealed at 120 °C was 3.23% compared to a PCE of
2.72% for Cs,COj-based devices under similar experimental
conditions. Interestingly, the V,. of a GQDs-Cs,CO; device
remained at 99.4% of its initial value after 1200 h of exposure in
air, whereas the V. of solar cell devices with a Cs,CO; buffer
layer decreased rapidly with time. Both solar cell devices
showed a similar degradation trend of Js.. The GQDs-Cs,CO;-
based solar cells showed a 56% higher PCE and 200%
improvement in stability compared to Cs,COj-buffered solar
cell devices. The PCE of GQDs-Cs,COj-based solar cells
remained at 70% of its original PCE value after 450 h of expo-
sure to air at room temperature and 60% relative humidity; the
stability was two times better compared to Cs,CO;-based
devices. GQDs-Cs,COj; solar devices show better hole-blocking
and electron transfer capability, and they inhibit diffusion of
the Cs" ion into the buffer/polymer interface. This helps provide
increased stability in solar cell devices. Liu et al.**® compared
the stability of a GO nanoribbon (GOR)-based solar cell device to
a PEDOT:PSS device after unencapsulation and storage in a
nitrogen gas (N,)-filled glovebox. The PCE of the ITO/
PEDOT:PSS-based device dropped to 75% after 90 days,
whereas the GOR/P3HT:PCBM (200 nm)/Al (100 nm) device
retained 86% of its original PCE value under similar conditions,
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showing that GOR as a hole extraction interfacial layer intro-
duces stability.

In another study, Wang et al.** reported that the PCE of a
PEDOT:PSS/PCDTBT:PC,;BM BH]J with interlayers of GO and
GO/titanium oxide (TiO,) as electron transport layers (ETLs)
showed overall a 3% and 4% decay, respectively, after 30 days
storage in air under ambient conditions. The PCDTBT:PC,;BM
solar cell without an ETL showed a 56% decay in PCE over a
period of 30 days under similar conditions. Average PCE and
series resistance (Rs) of PEDOT:PSS/PCDTBT:PC,,;BM-based
solar cells without an ETL interlayer, with ETLs of TiO,, GO,
and GO/TiO,, were found to be 5.23%, 6.96%, 6.53%, and
7.45%, and 2.54 Q cm?, 2.50 Q cm?, 2.04 Q cm?, and 1.85 Q cm?,
respectively. In the same study, P3HT:PCBM BH] solar cells with
an ETL layer of GO showed an 11% increased PCE value (3.29%)
compared with a solar cell device without an ETL layer (PCE,
2.94%). Therefore, the insertion of a GO ETL contributes to
long-term stability in BHJ devices. P3BHT:PCBM-based solar cells
were fabricated by Jeon et al.*** using conventional PEDOT:PSS
as a HTL and compared with GO and moderately reduced GO as
HTLs. The solar cell devices with thermally treated GO at 250 °C
showed a PCE of 3.98% compared with a PCE of 3.85% for
PEDOT:PSS as HTL. A similar trend was observed in stability in
air where thermally treated GO-based devices were found to be
superior in stability to than PEDOT:PSS-based devices without
encapsulation. The PCE of conventional PEDOT:PSS-based
solar cells dropped to 0% after 10 h when exposed to air,
whereas the PCE (3.98%) of solar cell devices having moderately
reduced GO (referred to as thermally treated GO at 250 °C) as
HTL remained at >70% in air after 48 h.

The stability of GO-based solar cells also has been evaluated.
Chen et al.** used a rGO/GO composite, where rGO is 2 wt% of
GO contents as the hole-collection material (G002-GO denotes
2 wt% loading of rGO with respect to GO). Fig. 9 shows the J-V
characteristics under illumination of solar cell devices con-
taining GO, G002-GO, and PEDOT:PSS as hole-collection
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Fig. 9 J-V characteristics under illumination of solar cells with GO, GO02-GO, and PEDOT:PSS as hole-collection material, and the variation of
PCEs as a function of time for unencapsulated solar cells in ambient condition with 80% humidity. Reprinted with permission from ref. 131,
L. Chen, D. Du, K. Sun, J. Hou and J. Ouyang, Improved efficiency and stability of polymer solar cells utilizing two-dimensional reduced graphene
oxide: graphene oxide nanocomposites as hole-collection material, ACS Appl. Mater. Interfaces, 2014, 6, 22334-22342. Copyright © American

Chemical Society.
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materials, and the variation of PCEs as a function of time for
unencapsulated solar cells in ambient condition with 80%
humidity. The PCEs of GO, G002-GO and PEDOT:PSS based
solar cells were measured as 3.36, 4.21 and 4.04%, respectively.
The series resistance (R;) which influences the fill factor (FF) of
solar cell devices was 11.29 Q em® for GO which decreases to
3.82 Q cm?® for G002-GO layer. The 4.04% PCE of the PEDOT:PSS
device rapidly decreased to almost 0 after 8 h in ambient
conditions with 80% humidity; however, the PCE of the rGO/
GO-based solar cell remained at 73% of the original PCE value
(4.21%) under the same conditions. The PCE of a solar cell
increased from 3.36% for GO only to 4.21% for the rGO/GO
composite-based device. The solar cell devices with rGO/GO
showed higher PCEs and better stability resulting from the
hydrophobic nature of rGO than for GO only.

For comparing stability, Kim et al.'** fabricated GO con-
taining P3HT:PCBM and P3HT:ICBA-based solar cell devices,
which showed a trilayer of chemically modified GO as a good
replacement for PEDOT:PSS, with excellent long-term stability.
The GO-based ITO/ZnO:Cs,CO;/P3HT:ICBA/GO:PEDOT:PSS/Al
solar cells showed a PCE of up to 3.70%, which decreased by
8.65% over 4 weeks, while the control device lost 12.2% of PCE
under similar conditions. An anode buffer layer of GO:PE-
DOT:PSS, which functions as an interlayer material, provides
not only higher PCEs, but also improved stability as a function
of time when exposed to air.

Graphene and carbon nanotube composites have attracted
significant attention for a synergetic approach. Li et al***
prepared a composite of carbon nanotube (CNT) patched with
graphene sheets. The composite films showed flexibility, 90%
optical transparency at 550 nm, with a R; of 735 Q sq~" and a
PCE of 5.2% for a CNTs/graphene/n-Si solar cell. Fig. 10 shows
the current density-voltage (J-V) curves and variations of
photovoltaic parameters as a function of exposure time for
CNTs/graphene-based solar cells and the schematic of carrier
transport in a CNTs/graphene hybrid structure. The CNTs/
graphene/n-Si solar cell showed a J. of 24.8 mA cm ™2, a Vo, of
0.44 V, a fill factor (FF) of 24.6%, and a PCE of 2.7%. The solar
cell devices were stored in air at room temperature. PCE grad-
ually increased as a function of time and then stabilized at
~4.5% after a period of one week. There was no visible change
in J. value during this time period except on day 7. Both V,,. and
FF values increased to 0.53 V and 38%, respectively, resulting in
an increase in PCE from 2.7% to 5.2% on day 8 due to the p-type
doping by oxygen on exposure to air. The solar cell devices
showed a PCE of 4% on day 12. High optical transparency and
electrical conductivity of the CNTs/graphene composite film
contribute to solar cell performance. The CNT acts as the
conductive frame matrix, whereas the graphene sheets function
as an intermediate layer that assists connection between the
CNTs and n-Si layer, where CNTs/graphene composite film
serves as a hole transporter.

TiO, was used as an electron selective layer between the
bottom electrode and the active layer for fabricating inverted
solar cell devices with GO as anode layer.*** The TiO,-based
solar cell devices showed enhanced PCE compared with solar
cells without TiO,. This indicates that TiO, effectively acted in
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Fig. 10 Photovoltaic properties of CNTs/graphene/n-Si solar cells. (a)
Light J-V curves, (b) variation of photovoltaic parameters as a function
of storage time, and (c) schematic of carrier transport in the CNTs/
graphene hybrid structure. Reprinted with permission from ref. 133. C.
Li, Z. Li, H. Zhu, K. Wang, J. Wei, X. Li, P. Sun, H. Zhang and D. Wu,
Graphene nano-“patches” on a carbon nanotube network for highly
transparent/conductive thin film applications, J. Phys. Chem. C, 2010,
114, 14008-14012. Copyright © 2010 American Chemical Society.

blocking holes at the interface of the active and bottom layers.
The solar cells showed a 3.67% decrease in PCE after 2160 h (90
days) of storage, hence the solar cells were very stable because
no PEDOT:PSS blend was used. Kim et al.**® used spin-coated
rGO films as an anode buffer layer in constructing BH]J solar
cell devices with a photoactive layer consisting of [poly({4,8-di(2-
ethylhexyloxyl)benzo[1,2-b:4,5-b'|dithiophene}-2,6-diyl)-alt-({5-octy-
thieno[3,4-c]pyrrole-4,6-dione}-1,3-diyl):fullerene (PBDTTPD:PCBM)

This journal is © The Royal Society of Chemistry 2015
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Fig. 11 Normalized PCE as a function of storage time for solar cell
devices without GO, with rGO, with GO, and with PEDOT:PSS.
Reprinted with permission from ref. 135, H. P. Kim, A. R. bin Mohd
Yusoff and J. Jang, Organic solar cells using a rGO anode buffer layer,
Sol. Energy Mater. Sol. Cells, 2013, 110, 87-93. Copyright © 2013
Elsevier.

blends. Both Ji. and FF increased after the rGO buffer layer was
added, which increased PCE to 4.8%, and which remained
above 70% after 4 weeks. Fig. 11 shows the changes in
normalized PCE as a function of storage time for solar cell
devices without GO, with rGO, with GO, and with PEDOT:PSSS
layers. Solar cell devices without GO and with PEDOT:PSS
degraded rapidly while solar cell devices with a GO buffer layer
showed the best stability compared to those with an rGO layer.

Gold nanoparticles (AuNPs) also have been used for
enhancing photovoltaic properties and stability in organic solar
cells. Stratakis et al.*** studied the stability of BH]J solar cells
having GO as a HTL and AuNPs between the photoactive and GO
layers. The PCEs of 2.86%, 2.90%, and 3.37% were measured for
PEDOT:PSS, GO, and GO/AuNPs-based devices, respectively. The
plasmonic GO-based solar cell devices ITO/GO/AuNPs/
P3HT:PCBM/Al showed a 30% enhancement compared to
PEDOT:PSS layer-based devices. From a stability point of view,
GO-based devices retained 50% of their initial PCE value after
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continuous illumination for 45 h, whereas the PEDOT:PSS-based
devices failed after 20 h. The photovoltaic performance is asso-
ciated with AuNPs-induced plasmonic absorption enhancement.
The enhancement in stability may be due to the limited oxygen
and indium diffusion from the ITO electrode into the photo-
active layer. A 3-layer graphene/PEDOT:PSS/n-Sn solar cell
showed a PCE of 5.48%, which decreased to 4.84% after one
month, while the PCE of an ITO-based device decreased from
5.38% to 4.16% over the same period of time, as reported by Li
et al.*” The PCE of a 3-layer graphene/PEDOT:PSS/n-Si hybrid
solar cell device decreased by 11.7% over a period of one month
compared to a 22.7% decrease in an ITO electrode-based solar
cell under similar conditions.

Graphene quantum dots (GQDs) also have been used in the
fabrication of solar cells. Gao et al.**® developed GQDs-based
heterojunction solar cells with H-, SiO,-, and CHj;-terminal
groups on a silicon surface. The CH;-Si/GQDs devices showed
the highest PCE of 6.63%, compared to PCEs of 2.24% for H-Si/
GQDs and 2.92% for SiO,-Si/GQDs-based solar cell devices. The
CH;-Si/Au control device had a PCE of 2.26% without a GQD
layer. The PCE was found to be dependent on GQD layer
thickness and on the size of the GQDs. Fig. 12 shows stability/
degradation of the CH3;-Si/GQD heterojunction solar cell
devices in terms of V., Js, FF, and PCE as a function of time
after storing for 180 days in a nitrogen (N,)-filled glovebox
without any encapsulation. Both V,. and FF values remained
unchanged for up to 180 days, whereas the J,. value degraded
from 28.71 mA cm > to 22.35 mA cm 2, and the PCE
decreased from 6.35% to 5.15%. The changes in both Js. and
PCE could be due to the gradual chemical degradation of
silicon-surface CH;-terminal groups as a function of storage
time.

6. Approaches to improve stability of
organic solar cells

The failure of organic solar cells can occur due to the chemical
degradation of materials by oxygen and moisture contamina-
tions, ultraviolet light exposure, high temperature, corrosion of
electrodes, and interconnect and interfacial breakage due to the
PEDOT:PSS interfacial layer.**'** The degradation can lead to
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Fig. 12 Stability/degradation of CHz—Si/GQD heterojunction solar cell devices as a function of time after storing in a nitrogen (N,)-filled glove-
box without any encapsulation: (a) open-circuit voltage (V) and short-circuit photocurrent density (Jso), and (b) fill factor (FF) and PCE.
Reprinted with permission from ref. 138, P. Gao, K. Ding, Y. Wang, K. Ruan, S. Diao, Q. Zhang, B. Sun and J. Jie, Crystalline Si/graphene quantum
dots heterojunction solar cells, J. Phys. Chem. C, 2014, 118, 5164-5171. Copyright © American Chemical Society.
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increase in series resistance, loss in optical transparency, and
overall photovoltaic performance of solar cell devices. There-
fore, long-term performance of organic solar cells under
atmospheric conditions is of critical importance for commercial
applications. The long-term stability of organic BH]J solar cells
under different atmospheric conditions can be improved by an
interfacial buffer layer,"*® encapsulation,****** UV absorbing
film,"* a crosslinker,”* and other approaches.***'* For
example, encapsulation can protect solar cells from humidity,
oxygen, and other chemicals present in an external environ-
ment. Po et al.'*® analyzed the role of buffer layers in polymer
solar cells. The problems associated with stability/degradation
of organic and polymer solar cells can be addressed by using
buffer layers of fullerene and lithium fluoride interlayers,**
transition metal oxides,**° and titanium suboxide.**®***15> Both
MoO; and ZnO buffer layers in inverted solar cell devices were
found to improve stability,””® and likely, thermal annealing
under vacuum also led to higher stability for organic solar cells.***
Kesters et al.*® suggested the enhancement of stability in organic
solar cells by polymer (PCPDTBT) side chain functionalization.
Peters et al'*® estimated the average lifetime for a poly-
[N-9-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2-thienyl-2,1,3-
benzothiazole)] (PCDTBT) containing BH] solar cell device
(ITO)/poly(3,4-ethylenedioxythiophene) (PEDOT:PSS)/PCDTBT:
PC,,BM/Ca/Al to be more than 6 years, twice that of a poly(3-
hexylthiophene) (P3HT)-based solar cell device at 5.5 hours of
1 sun intensity per day for a whole year. Kong et al.** pointed to
burn-in loss, leading to degradation, as one of the main factors
in the short life span of polymer-based solar cells. The initial
burn-in loss was decreased by separating pristine photoactive
polymers and trap-embedded components using the molecular
weight distributions, which resulted in enhanced PCE and long-
term stability of polymer solar cells without sudden initial burn-
in degradation. As discussed earlier, several approaches have
been applied toward improving the stability of organic solar
cells. In addition to other factors, the influence of water and
moisture on photovoltaic performance and stability is of major
concern for organic solar cells.***%* CORDIS European Union
estimated a 1 billion Euros market for roll-to-roll mass-
produced organic solar cells by 2016, and launched the
ESTABLIS program to ensure long-term stability in organic solar
cell devices.'*

7. Use of graphene-based materials in
improving stability of BHJ solar cells

Graphene-based materials have been widely used for solar cell
applications, as noted. Graphene-based solar cells show better
photovoltaic performance and stability than PEDOT:PSS-based
solar cell devices. Only limited data on the stability of
graphene-based solar cells are available in the literature; which
have been summarized in this article. The use of different
inorganic semiconductors with graphene has been explored.
Tongay et al'®® studied thermal stability of graphene/GaN
interfaces using Raman Spectroscopy and -current-voltage
measurements at high temperatures. The Schottky barriers
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between GaN and graphene were stable up to 550 K, which
became non-rectifying over 650 K; however, the rectification was
recovered upon cooling.

The chemical functionalization of graphene-based materials
has been evaluated for solar cell devices. Stratakis et al'®®
developed an ultraviolet laser irradiation-based photochemical
method for simultaneous partial reduction as well as for doping
of GO ultrathin films in the presence of a chloride precursor
gas. The chlorinated GO-Cl films were characterized by Raman
and XPS techniques to confirm grafting of chloride molecules to
the edges and the basal plane of GO film. Both the doping and
reduction levels of GO were controlled by laser exposure time,
and consequently, the work function of the chlorinated GO-Cl
layers was modified from 4.9 eV to 5.23 eV. The polymer donors,
P3HT with a HOMO level of 5.0 eV and PCDTBT with a HOMO
level of 5.3 eV, were used to examine the effect of the GO and the
work function on the photovoltaic properties. The
PCDTBT:PC,,;BM-based solar cell devices containing GO-CI as
an HTL showed a PCE of 6.56% compared to a PCE of 5.59% for
pristine GO-based devices, and 5.49% for PEDOT:PSS-based
solar cell devices. The PCE of P3HT:PCg,BM-based solar cell
devices containing GO-Cl as HTL was 3.74%, also higher than
PCEs of 3.28% for the pristine GO HTL and 3.23% for the
PEDOT:PSS HTL-based solar cell devices. The higher PCE
occurred from efficient hole transportation as a result of the
energy level matching between the polymer donor and GO-Cl.
The hole mobility was found to increase with increasing work
function of the GO-Cl. The solar cell devices based on GO
showed significantly higher stability under continuous solar
illumination in air compared to PEDOT:PSS-based devices
without any encapsulation. PEDOT:PSS-based solar cells failed
after 20 h, whereas the solar cells fabricated with pristine GO or
where GO was the HTL retained over 70% and 50% of their
initial PCE values for over 25 h and 45 h, respectively. Such a
degradation occurs because of the highly acidic nature of the
spin-coated PEDOT:PSS layer, which causes corrosion of the
ITO electrode, as well as indium migration into the photoactive
layers. GO as HTL enhances both the PCE of solar cell devices,
as well as their stability.

In another study, Kakavelakis et al'® used lithium-
neutralized graphene oxide (GO-Li) as an interlayer between
the photoactive layer and the metal oxide electron transport
layer (ETL) in poly[N-9-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-
di-2-thienyl-2,1,3-benzothiazole)] (PCDTBT):PC,,BM-based
solar cell devices. Fig. 13 shows the J-V characteristics and
schematic illustration of the PCDTBT:PC,;BM devices with
TiO,, GO/TiO,, and GO-Li/TiO, as the ETL and functionaliza-
tion with Li alkali metal. The insertion of a GO-Li interlayer
resulted in a superior interface between the ETL and the pho-
toactive layer. The work function of 4.30 eV for GO-Li perfectly
matches the LUMO level of the fullerene-based acceptor mate-
rial to enhance electron extraction. PCDTBT:PC,,BM-based
solar cell devices with a GO-Li layer showed a significant
increase in the PCE, from 5.51% for TiO, to 6.29% for GO-Li/
TiO, as the ETL, a 14.2% enhancement over solar cell devices
without the graphene-based interfacial layer. PCE values of
5.71%, 6.29%, and 4.84% were measured for GO-Li/TiO,-based

This journal is © The Royal Society of Chemistry 2015
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devices for 1.3 nm, 2.0 nm, and 3.1 nm thickness, respectively,
showing the effect of different GO-Li thicknesses on PCE
values. The insertion of the GO-Li as an interfacial layer also
increased the electron mobility of the device, which resulted in
increased Js. and a decrease in contact resistance from 18.18 Q
for the TiO, as the ETL to 16.95 Q for the GO-Li/TiO, as the ETL.
The GO-Li devices also showed higher stability compared to
devices without an interlayer because the GO-Li layer acts as a
moisture and oxygen diffusion barrier, leading to long-term
stability for the solar cell devices. The PCDTBT:PC,;BM/TiO,
device lost 42% of its initial PCE value after continuous solar
illumination for 24 h, whereas the PCDTBT:PC,,BM/GO-Li/TiO,
solar cell device retained 56% of its initial PCE value under
similar conditions. The degradation rate was found to be
saturated after 100 h of continuous solar illumination for both
solar cell devices. The single-layer TiO, ETL device exhibited
27% of its initial PCE value compared to 35% of initial PCE
value for a bilayer GO-Li/TiO, as the ETL, which indicates
improved stability. In addition to the role of ETL in increasing
PCE, the GO-Li interlayer also serves as a protecting layer
against humidity and oxygen, thereby enhancing stability under
prolonged solar illumination.

The gas-barrier properties of graphene-based materials have
been examined for device applications. Bunch et al.**® reported
that a single layer of graphene membrane has unique separation
barrier properties and is impermeable to helium. This gas-
barrier property of graphene was applied to improve the stability
of organic solar cell devices. Kim et al.**® used rGO-based thin
films as gas barriers to improve the stability of organic
P3HT:PC4,BM and poly[N-9-heptadecanyl-2,7-carbazole-alt-5,5-
(4,7-di-2-thienyl-2,1,3-benzothiazole)] (PCDTBT):PC,,BM solar
cell devices in ambient air. The P3HT:PC4BM and
PCDTBT:PC,(BM solar cell devices were encapsulated by rGO
thin film using spin-casting of GO suspension onto an Al elec-
trode. For GO-encapsulated devices, thermal annealing was
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performed at 150 °C for 30 min before the spin-casting of the GO
layer, while for rGO-encapsulated devices, thermal annealing
was performed after the spin-casting of the GO layer. The rGO
layers were achieved after the thermal annealing of the GO-
covered solar cell devices at 150 °C for 30 min. Large-flake
graphite is denoted as GO(L). The average initial PCEs of
GO(L)-encapsulated, rGO(L)-encapsulated P3HT:PC4,BM solar
cell devices, and a non-encapsulated reference device were
2.85%, 2.85%, and 2.82%, which decreased to 0.07%, 2.39%, and
0.04% after 6 h storing in ambient air, respectively. This shows
that large-flake rGO film enhances stability and protects the
solar cell devices against water vapors, while GO films do not
provide such protection in enhancing stability. Large-flake rGO
films have superior gas-barrier properties due to the increased
length of the diffusion path of water molecules and high dis-
persibility of GO(L) in suspension. Fig. 14 shows performance
stabilities under ambient conditions of P3HT:PCs,BM solar cell
devices without and with rGO(L) encapsulation, J-V character-
istics of the P3HT:PC¢,BM solar cell after different exposure
times from 0 h to 560 h, as well as with GO(L) and rGO(L, sonic)
encapsulations from 0 h to 120 h. The rGO(L, sonic)-based film
showed better stability of solar cell devices compared with
rGO(L) film. The lifetime of the rGO(L, sonic)-encapsulated solar
cell devices was increased 50 times over that of a reference
device. This also demonstrates that the high dispersibility from
sonication leads to better gas-barrier properties. The PCEs of
PCDTBT:PC,,BM inverted devices encapsulated with poly-
ethylene naphthalate (PEN)/rGO films also were examined and
showed an 8% decrease in PCE after 24 h storing at 100% relative
humidity. The PCDTBT:PC,,BM inverted solar cell devices
retained 43% of their original PCEs after 240 h (10 days).
Thermal reduction of GO film at a low heating rate yielded lower
water vapor permeability, which was 0.1% compared with PEN
film. It was found that surface roughness, dispersibility, and
reduction conditions of a GO film significantly affect the gas-

Fig. 13 J-V characteristics and schematic illustration of PCDTBT:PC,,BM devices with TiO,, GO/TiO,, and GO-Li/TiO, as the ETL and func-
tionalization with Li alkali metal. Reprinted with permission from ref. 167, G. Kakavelakis, D. Konios, E. Stratakis and E. Kymakis, Enhancement of
the efficiency and stability of organic photovoltaic devices via the addition of a lithium-neutralized graphene oxide electron-transporting layer,
Chem. Mater., 2014, 26, 5988-5993. Copyright © American Chemical Society.
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Fig. 14 (a) Performance stabilities under ambient conditions of P3HT:PCgoBM solar cell devices without encapsulation and with rGO(L)

encapsulation. J-V characteristics of the P3HT:PCgoBM solar cell after different exposure times: (b) with GO(L) encapsulation, and (c) with rGO(L,
sonic) encapsulation. Here the large-flake graphite is denoted as GO(L); fragmented GO in the sonicated suspension is referred to as GO(L,
sonic). Reprinted with permission from ref. 169, T. Kim, J. H. Kang, S. J. Yang, S. J. Sung, Y. S. Kim and C. R. Park, Facile preparation of reduced
graphene oxide-based gas barrier films for organic photovoltaic devices, Energy Environ. Sci., 2014, 7, 3403-3411. Copyright © Royal Society of

Chemistry.

barrier performance. A GO solution prepared from large-flake
graphite was found to show high dispersibility and to produce
rGO thin film with superior gas-barrier properties. Thermal
reduction conditions of GO films also influenced the water vapor
permeability of rGO films prepared on a flexible substrate where
slow heating led to low surface roughness, a small surface area,
and therefore lower water vapor permeability. The study shows
that the stability of both P3HT:PCs,BM and PCDTBT:PC;,BM
solar cell devices was significantly improved using rGO as a gas-
barrier film.

Graphene-based materials have been used as surface coating
for studying their protective effect on solar cell devices. Ahn
et al.'® developed a copper nanowire-graphene (CuNW-G)
core-shell nanostructure using plasma-enhanced CVD process
at 400 °C. The CuNW-G core-shell nanostructure was charac-
terized by X-ray photoelectron spectroscopy, X-ray diffraction,
scanning electron microscopy, transmission electron micros-
copy, and Raman spectroscopy. The CuNW-G core-shell
nanostructure-based transparent conducting electrode (TCE)
showed better optical and electrical properties compared to an
ITO electrode, as well as excellent thermal oxidation and
chemical stability due to the encapsulation of the CUNW by gas-
impermeable graphene shells. The optical transmittance and
sheet resistance of the CUNW and CuNW-G-based TCEs were
found to be 79.8% and 79.0% at 550 nm and 32 and 36 k Q sq~*,
respectively. The CuNW and CuNW-G core shell nanostructures
were used as anode layers in fabricating BHJ polymer solar cell
structures of CUNW or CuNW-G/PEDOT:PSS/PTB7:PC,,BM/LiF/
Al. The BH]J polymer solar cell (PSC) with CuNW-G-based BH]
solar cells showed a PCE of 4.04%, a short-circuit current
density (Js.) of 8.20 mA cm ™2, an open-circuit voltage (V) of
0.73 V, and a fill factor (FF) of 67.8%. The control BHJ solar cell
device with CuNW exhibited a PCE of 1.90%, J,. of 10.84 mA
em ™2, V,. of 0.73 V, and a FF of 24.1%. Therefore, CUNW-G
based solar cells have higher photovoltaic performance than
CuNW devices. The gas-barrier effect of the graphene shell was
examined. The thermal oxidation stability of the CuNW and
CuNW-G-based TCEs were studied in ambient conditions for 30

73592 | RSC Adv., 2015, 5, 7357573600

days by monitoring variations in the sheet resistance (Fig. 15).
The sheet resistance of the CuNW-based TCE remarkably
increased by 1800 times within 2 days. On the other hand, the
sheet resistance of the CuUNW-G-based TCE showed a slight
increase after 30 days. When CuNW-based TCEs were exposed
to higher temperature and humidity (70 °C/70% RH) condi-
tions, the sheet resistance increased by 76 times within 30 min,
whereas the sheet resistance of the CuNW-G-based TCEs
slightly increased by 27% after 120 h. The highly improved
thermal oxidation stability of the CuNW-G-based TCEs clearly
indicates that the graphene shell induces long-term stability for
the CuNW core. Fig. 16 shows SEM images of CuNW/
PEDOT:PSS and CuNW-G/PEDOT:PSS films after 1 h of
PEDOT:PSS coating. A few CuNWs were oxidized due to the
acidic nature of the PEDOT:PSS coating, causing a dramatic
reduction in electrical properties. The CuNW-G-based TCE
exhibits excellent chemical resistance against PEDOT:PSS acidic
corrosion, demonstrating the chemical inertness of the gra-
phene shell against acidic conditions. Therefore, improved
chemical stability of a CuNW-G-based TCE results in an
enhanced PCE in solar cell devices. The improved oxidation
stability of a CuNW-G nanostructure over CuNW was also
confirmed under harsh conditions by dispersing in deionized
(DI) water for 1 day. The CuNW-G solution showed no notice-
able color change, indicating the graphene shell provides
protection to the CuNW core against oxidation. The CuNW
changed in color from red to black due to copper oxide
formation. The sheet resistance of the CuNW-based TCE after
DI water treatment was found to be 125 times higher compared
to CuNW without DI water treatment, whereas the sheet resis-
tance of the CuNW-G-based TCE remained the same regardless
of DI water treatment. This study confirms that the CuUNW-G
core-shell nanostructure provides superior oxidation stability
due to the excellent moisture and gas-barrier property of
graphene.

Other approaches have been utilized to introduce stability in
graphene-based BH]J solar cells. Yeo et al.'”* prepared sulfonic
acid groups-functionalized graphene oxide (sr-GO), which show

This journal is © The Royal Society of Chemistry 2015
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Fig. 15 The variation of sheet resistance of CuNW and CuNW-G-
based TCEs in air at room temperature for 30 days during a stability
test. Reprinted with permission from ref. 170, Y. Ahn, Y. Jeong, D. Lee
and Y. Lee, Copper nanowire—graphene core-shell nanostructure for
highly stable transparent conducting electrodes, ACS Nano, 2015, 9,
3125-3133. Copyright © American Chemical Society.

good compatibility with various HOMO materials. The sr-GO-
based solar cells showed PCEs over 7% and superior stability
over PEDOT:PSS-based solar cell devices. Kim et al'”* used
microwave-assisted reduced graphene oxide (M-rGO) as a an
HEL with PEDOT:PSS in BHJ solar cells. The M-rGO-based solar
cell showed a PCE of 3.57%, 21% higher than that PEDOT:PSS
HEL-based devices. The PCE of PEDOT:PSS-based solar cells
completely degraded after 1000 h in atmospheric condition
without any encapsulation, whereas MR-GO-based solar cells
retained over 85% of initial PCE value. The M-rGO interfacial
layer provided a long-term stability to solar cells after storing in
atmospheric conditions. Sapkota et al'”® demonstrated a
significant improvement in the stability of encapsulated BH]
solar cells using a layer configuration of Cr/Al/Cr/P3HT:PCBM/
PEDOT:PSS/metal under different aging conditions. The

J
200 nm

250 nm

250 nm 200 nm

Fig. 16 SEM images of CuNW/PEDOT:PSS films (a) and (b), and
CuNW-G/PEDOT:PSS films (c) and (d), after 1 h of PEDOT:PSS coating.
Reprinted with permission from ref. 170, Y. Ahn, Y. Jeong, D. Leeand Y.
Lee, Copper nanowire—graphene core-shell nanostructure for highly
stable transparent conducting electrodes, ACS Nano, 2015, 9,
3125-3133. Copyright © American Chemical Society.
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flexible solar cell devices retained >95% of their initial PCE after
1000 h of aging at 85 °C under 85% relative humidity. The
encapsulated solar cell devices between two glass plates
retained over 90% of their initial PCE over 1800 h of aging under
similar conditions. The Cr/Al/Cr/P3HT:PCBM/PEDOT:PSS/
metal devices, when encapsulated between two glass plates as
well as between a glass plate and flexible barrier film, exhibited
no degradation over 10 000 h at 85 °C in dark and ambient air.
Only a 10% decrease in photovoltaic performance was noticed
after 12 000 h under continuous illumination of 1000 W m 2.
This study showed promising long-term stability for encapsu-
lated BHJ organic solar cells.

It has become evident from the above studies that the
insertion of graphene-based materials either as thin film or as a
layer in solar cell devices does help in stopping degradation and
enduring environmental stability. Graphene layers in solar cell
devices perform equivalently to other approaches of encapsu-
lation and buffer materials. Graphene does prevent diffusion at
the interfaces of interlayer/electrode. Graphene inherently acts
as a barrier to water and moisture. Approaches similar to those
used to fabricate organic solar cells can be applied to graphene-
based hybrid BHJ solar cells to prevent their degradation and to
further improve their long-term stability. The long-term
stability and degradation of graphene-based solar cells is one
of several critical, challenging tasks for the scientific commu-
nity in the development of these photovoltaic devices. Long-
term pilot studies like those on organic and polymer solar
cells should be conducted to evaluate the feasibility of
graphene-based BH] solar cells for commercial purposes.

8. Conclusion and perspective

The photovoltaic data on the stability of different types of
graphene-based heterojunction solar cell devices were dis-
cussed in reference to organic solar cells. It is clearly evident
from the above summarized data that when graphene-based
materials were used as a buffer layer or as replacement mate-
rial in solar cell structures, stability was significantly improved.
For example: (1) P3HT:PCBM-based solar cells with GO as a
buffer layer showed significantly superior stability in air
compared to conventional PEDOT:PSS blend-based solar
cells,"** (2) solar cells with a spin-coated GO buffer layer on an
ITO electrode exhibited significantly enhanced stability and a
prolonged lifetime of solar cells compared to bare ITO-based
devices,'** and (3) when applying GO or GO/TiO, as electron
transport layers (ETLs) in PEDOT:PSS/PCDTBT:PC,;BM BH]J
solar cell devices, PCE showed only a 3-4% decay compared to a
56% decay without ETL after 30 days in air; the degradation of
solar cells was significantly reduced.” Graphene-based mate-
rials such as graphene oxide (GO), reduced GO (rGO), and gra-
phene itself offer great potential for the further improvement
not only of solar cell photovoltaic performance but also long-
term environmental stability against chemicals and photo-
oxidation. The graphene/n-Si heterojunction solar cells show
superior performance in terms of achieving higher power
conversion efficiency and stability and degradation properties
in comparison with other graphene-based organic solar cell
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devices based on conducting polymer blends. There are still
many challenges in the field of graphene-based solar cells, from
achieving high power conversion efficiency to cost-effective
production to enduring an improved environmental stability,
that should be addressed for commercial applications. The
toxicity of nanostructured materials is well known,"”*'”* and the
degradation caused by toxicity could be a point of concern.
Graphene-based materials may cause cytotoxicity to
humans.”*** Therefore, in addition to stability and degrada-
tion, such issues should also be addressed. The main objective
is to find low-cost graphene materials-based solar cells with
high efficiency. Current ITO-based solar cells are expensive and
future availability is of concern, therefore, graphene-based
materials have emerged as a potential replacement, but over-
all cost depends on large-scale production and ease of proc-
essability. Graphene-based materials offer both easy solution
processability and scalability. The lifetime of graphene-based
solar cells has been studied, from a few hours to 3 months.
The preserving lifetime of at least 4-5 years for graphene-based
solar cells is desirable to be used for commercial applications.
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