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Strongly enhanced efficiency of polymer solar cells
through unzipped SWNT hybridization in the hole
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Single-walled carbon nanotubes (SWNTs) have good conductivity, but their size can't match the
heterojunction nanostructure in polymer solar cells (PSCs). To improve the photovoltaic performance of
PSCs, herein, a faciley fabricated composite hole transport layer composed of unzipped single-walled
carbon nanotubes (USWNTs) and poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is
effectively applied for PSC devices. Compared with the pure PEDOT:PSS hole transport layer (HTL)
without USWNTs, the uSWNTs/PEDOT:PSS layer shows more effective performance as the hole
transportation layer. Optimizing the uSWNT concentration in PEDOT:PSS results in fabrication of the PSC
devices with uUSWNTs/PEDOT:PSS hole transport layers that exhibit greatly improved average power
conversion efficiency (PCE), from 13.72% to 14.60%, and greatly enhanced current density and fill factor,

Received 18th April 2020 which can be ascribed to the increased conductivity and hole transport efficiency. Our approach also
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supports simple solution-processing techniques and the insensitivity of the performance to thickness,

which promises that the faciley fabricated uSWNTs/PEDOT:PSS layer has more potential to be applicable
to the roll-to-roll process of PSC fabrication with extremely low cost.
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1. Introduction

Polymer solar cells (PSCs) have attracted enormous attention as
a potential cheap renewable energy source with the possibilities
of high output and potential large-scale production."? Recently,
PSCs have achieved significant improvements in power
conversion efficiency (PCE) owing to new high-performance
materials.* However, designing advanced device structures
and optimizing the fabrication techniques are the ongoing
topics to improve the performances of PSCs in which the hole
transportation layer (HTL) is one key aspect due to its design-
able characteristics.* Currently, poly(3,4-
ethylenedioxythiophene)-doped poly(styrene sulfonate)
(PEDOT:PSS) is a widely used HTL. Typically, the layer thickness
is about 40 nm which limits further modification of the HTL.>*
Therefore, a new way is needed to dope the HTL structure and
develop new technology for low-cost solution-processing.””®
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From this point of view, the hybrid strategy of PEDOT:PSS with
dopants is one of the worthy choices due to its simplicity and
validity.

As a potential nano-dopant candidate, carbon nanotube
(CNT) is a linear nanomaterial'®** which has been commer-
cialized with the trend of cost decrease based on the large-scale
synthetic technology development. The CNT applications have
distributed in wide fields, e.g., energy storage/conversion, elec-
tronic devices, and sensors.> However, CNT can't be applied
directly for PSCs as a dopant because the CNT linear size is too
long (more than 5 pm) to match the PSC layer structure. This
makes us think about the possibility to re-structure pristine
CNTs into the available dopant.”® In the two main types of
single-walled (SWNTs) and multi-walled (MWNTs), SWNTs can
be seen as a roll of a single layer of graphene, and MWNTS can
be regarded as a roll of multi-layers of graphene sheets.'"**
Therefore, the unzipped CNTs can be considered as the
combinations of residue CNTs and generated graphene. These
rich structural species have similar properties with curved gra-
phene sheets.’>'® However, the structural advantage of unzip-
ped CNTs concerns the inherited linear geometry, not 2-D
fragments. Moreover, the size-controllable advantage of unzip-
ped CNTs is more applicable in concise structure devices.*

In recent years, the heuristic researches are of graphene
applications for dye-sensitized solar cells and planar hetero-
junction perovskite solar cells to enhance the efficiencies of the
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related devices.**>"* A novel work on pristine CNTs used as
a hybrid hole collector for inverted planar perovskite solar cells
was reported.””?* These studies show the effectiveness of
nanocarbon materials to improve efficiencies of photovoltaic
devices.

The heterostructure junction (HSJ) in PSCs makes the initial
difference between perovskite and polymer solar cells.*”**
Mixing initial SWNTs with PEDOT:PSS as HTL on PSCs
decomposes the two-phase nano-structures of PSCs due to large
size and poor dispersion of pristine SWNTs. Moreover, the
random packing of SWNTs may form voids, which will inhibit
the electron/hole transportations and further reduce device
efficiency.”**** Hopefully, using uSWNTs can avoid these
problems which arise from pristine SWNTs because uSWNTSs
have a decreased size and increased surface area that may
generate ideal compatibility and high conductivity for trans-
porting electrons and holes.

In this work, we demonstrated a facile method to fabricate
an effective hole transport layer of uSWNTs/PEDOT:PSS to
enhance the photovoltaic performances of polymer solar cells.
The PSCs with uSWNTs-doped PEDOT:PSS layer exhibits high
power conversion efficiency (PCE), which indicating the mixed
structure of uSWNTs/PEDOT:PSS improves the conductivity and
improves the charge transfer characteristics. Therefore, our
study shows that uSWNTs/PEDOT:PSS nanocomposites can be
used as HTLs for high-performance PSCs.

2. Experimental

2.1. Materials

To fabricate PSCs, the photoactive materials PFN and IT-4F were
purchased from Solarmer Materials Inc. (Beijing, China).
Poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate
(PEDOT:PSS, Al 4083) was obtained from Bayer, Germany.
Patterned ITO (indium tin oxide) glass substrates with a sheet
resistance of 15 Q sq~ ' were purchased from Shenzhen Display
(Shenzhen, China). Single-walled carbon nanotubes were
purchased from Xianfeng Nanomaterials Technology Co., Ltd.
Potassium permanganate, sulfuric acid, hydrochloric acid, and
hydrogen peroxide were purchased from Beijing National
Pharmaceutical Group Chemical Reagent Co., Ltd. All reagents
were used without further purification.

2.2. Synthesis of uSWNTs and uMWNTs

The preparation of the uSWNTs or uMWNTs was performed
following the modified Hummers' method.* Accordingly, 0.2 g
of SWNTs or MWNTs were suspended in 35 mL of concentrated
sulfuric acid and then stirred at 1000 rpm for 10 h using
a magnetic stirrer until a visually homogeneous black solution
formed. Then, 1 g of KMnO, with five portions 0.2 g each was
added slowly to the solution and further stirred for 1 h at room
temperature. After that, the temperature was gradually raised to
50 °C and maintained at that temperature for 2 h in a water
bath. When the reaction was complete, the product was purified
and dried with a series of steps. Briefly, the solution was
removed from the heat source and cooled in the ice bath, cooled
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to room temperature, and poured into 350 g of ice containing
5 mL of 30% H,0,. Then, a proper amount of H,0, (30%) was
added drop by drop until no gas was observed (to prevent
precipitation of insoluble MnO,). The mixtures were then
centrifuged (10 000 rpm, 30 min) to give crude uSWNTs and
uMWNTs solid. The product was washed by centrifugation with
hydrochloric acid (the ratio of DI water to hydrochloric acid is
3:1) and deionized water. The clean precipitate was redis-
tributed in deionized water by sonication and centrifuged to
remove coarse particles and unreacted SWNTs or MWNTs, and
dried in a vacuum oven at 80 °C overnight. The purified
uSWNTs and uMWNTs were collected. The detailed preparation
process is schematically depicted in Fig. 1(c).

2.3. Device fabrication

The device structure of PSCs (Fig. 1) is characterized by the
following layers fabrication, glass/ITO/uSWNTs/PEDOT:PSS/
PBDB-T-2F:IT-4F/PFN-Br/Al. Hybrid PEDOT:PSS composites
doped with uSWNTs were prepared by a facile solution pro-
cessing method. The fixed volume ratio of uSWNTs/PEDOT:PSS
was 7 : 3, and the variable amount was added with different
concentrations of SWNTs. ITO substrates with the conductivity
of 15 Q sq ' were ultrasonically cleaned for 15 min via ITO
cleaning agent, deionized water, acetone, and isopropyl alcohol,
respectively, followed by UV-ozone treatment for 5 min. The
PEDOT:PSS is rotated onto the substrate at 4000 rpm for 20 s,
and then annealed at 160 °C for 20 minutes in the air. The
uSWNTs/PEDOT:PSS mixtures with various concentrations were
spin-coated in the same way as the pure PEDOT:PSS to form an
anode buffer layer. The ITO substrate with anode buffer layer
was then transferred a nitrogen-filled glove box. The PBDB-T-
2F-IT-4F solution was dissolved in chlorobenzene with 1.8-
diiodooctane as an additive at 40 °C and stirred overnight. The
PBDB-T-2F-IT-4F mixed solution was spin-coated on the anode
buffer layer for 40 s, and then annealed at 100 °C for 10 minutes.
Subsequently, PFN-Br was spin-coated on the active layer at
3000 rpm for 30 s, and then transferred to a vacuum chamber
(<5 x 107* Pa) and 100 nm Al was vapor-deposited onto the
active layer by thermal evaporation.
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unzipping of
SWNTs or MWNTSs o

SWNTs MWNTs

sonication and stirring UCNTS with oxygen-containing groups

Fig.1 (a) Schematic illustration of the device architecture used in this
work. (b) The molecular structure of PEDOT and PSS. (c) Schematic of
UuSWNTs or uMWNTSs synthesis.

This journal is © The Royal Society of Chemistry 2020
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2.4. Characterization

A high-resolution transmission electron microscope (HRTEM)
was performed using a FEI Talos F200i microscope (Thermo
Fisher Scientific Inc.). Fourier transform infrared spectroscopy
(FTIR) data were measured using a Nicolet 6700 Fourier trans-
form infrared spectrometer from Thermo Corporation, Wal-
tham, USA. Optical properties were characterized by a UV-
visible spectrometer (Lambda 750S) with a wavelength range
of 200 to 800 nm. X-ray diffraction (XRD) was performed by
a Bruker D8 Advance model in a wide angular range (26 = 10-
80°) at a scan speed of 2° min~' and has single-color CuKa.
radiation (k = 1.5406 A). The Raman spectrometer was per-
formed using an Almega Thermo Nicolet Dispersion Raman
spectrometer. The specific surface area of the samples were
explored via Automatic specific surface area (Tristar3000). X-ray
photoelectron spectroscopy (XPS) data were measured using the
ESCALAB250Xi electron spectrometer, and its radiation is 150
watts from Waltham, USA. Measured by Keithley 2420 light
source (Shenzhen, China). For devices characterization, the
optical transmittance of the hole-collecting film was measured
using a UV-visible spectrophotometer (Lambda 750S). In
a nitrogen-filled glove box, the current density-voltage (J-V)
characteristics were recorded using a solar simulator under AM
1.5G solar lighting. The external quantum efficiencies (EQEs) of
inverted PSCs were analysed using an incident photon conver-
sion efficiency (IPCE) measurement system certified by New-
port, USA.

3. Results and discussion

Fig. 2 shows the TEM images of SWNTs, uSWNTs, MWNTs, and
UMWNTs. Pristine SWNTs have a tubular structure (Fig. 2(a)).
After acidic treatment (Fig. 2(b)), the tubular structure partially

tubular core
disappeared

100nm
e

Fig. 2 TEM images of (a) pristine SWNTs, (b) uSWNTs, (c) pristine
MWNTs, and (d) uMWNTs.

This journal is © The Royal Society of Chemistry 2020
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splits and the broken surface is generated. TEM image suggests
that the surface of the SWNTs has wrinkles and the width
becomes larger after unzipping which is caused by the strong
oxidation process. Fig. 2(c) shows hollow tubular structures for
pristine MWNTs. The lateral size of the corresponding carbon
nanostructures becomes bigger after unzipping as it follows
from a comparison of images presented in Fig. 2(c) and (d).
Moreover, the generated fragments of graphene-like structures
for several MWNTs are observed in Fig. 2(d). Increasing the
lateral size may support enhance the efficiency of unzipped
carbon nanotubes in PSCs.

Fig. 3(a) gives FTIR spectra of SWNTs, MWMTs, uSWNTs,
and UMWNTSs. The broad peak at ca. 3400 cm ' indicates the
presence of -OH. A weak absorption band observed near
1730 cm ™! indicates the presence of the C=O0 tensile. The peaks
near 1213 cm ' and 1044 cm ' observed for uSWNTs are
related to the C-O asymmetric stretching. Comparison of
SWNTs and uSWNTs indicates a slightly higher intensity of
carboxylic and alkoxy groups and a very higher intensity of -OH
group for unzipped CNTs. Probably, the oxidants may be mainly
used to oxidize the already-formed functional groups.** We
observe a weaker intensity of the characteristic bands of func-
tional oxygen groups on uMWNTs that may be an indication of
the weaker unzipping and only partial oxidation of MWNTs.
TEM and FTIR data suggest that the strong permanganate
oxidation forms oxygen-containing groups that are the unzip-
ped sp*carbon product.’3*%* Increasing the amount of the
functional oxygen groups should help dispersion of unzipped
CNTs in PSCs.

UV-vis absorption spectra of the uSWNTs and uMWNTs are
presented in Fig. 3(b), in which the photon absorption is
a single strong peak for all samples. The appearance of the peak
is due to the sp> hybridization of the material and the linking
units, e.g., C=C, C=0, and C-O bonds. The uSWNTs show
a strong peak at 228 nm corresponds to w-m* transition of C=
C, and the shoulder peak from 286 to 310 nm which corre-
sponds to n-m* transition of C=0.*** The absorption of
UMWNTs in the UV region is weaker compared to uSWNTs,
a single strong peak at 260 nm is mainly related to C=C, but the
shoulder peaks are not obvious. Based on FTIR and UV-vis
characterizations, the uSWNTs sample has a higher oxidation
degree and may have better dispersion stability in PSCs
compared to uMWNTs.
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Fig. 3 (a) FTIR spectrum of MWNTs, uMWNTs, SWNTs, and uSWNTs.
(b) UV-vis absorption spectra of the uSWNTs and uMWNTs.
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The XRD pattern reflects the typical structural characteristics
of SWNTs and MWNTs as shown in Fig. 4(a) and (b). Due to the
single structure of SWNTs, the XRD spectrum has broad peaks
as it follows from the data presented in Fig. 4(a). After unzip-
ping, the XRD pattern of uSWNTs sample becomes broader and
flatter, suggesting that the initial cylinder structure was
oxidized and unzipped, indicating more amorphous charac-
teristics of uSWNTs. A strong peak at 26.1° is observed in
Fig. 4(b), which is assigned to (002) diffraction of the graphitic
layer-by-layer structure. After treating with the strong oxidant
(sample uMWNTs), the intensity of the peak in 26.1° decreases,
whereas a broad peak located at ~25° appears, which reflects
the change in the atomic arrangement of MWNTs due to the
large number of oxygen-containing functional groups intro-
duced into the graphite intermediate layer by the oxidation
process.**** Therefore, the MWNTs have been successfully
unzipped. We should point out that the lattice arrangement of
the SWNTs and MWNTs carbon atoms is destroyed and the
oxygen-containing groups increased after unzipping. These
observations are in good agreement with TEM, FTIR, and UV-vis
data.

Fig. 4(c) and (d) shows the Raman spectra of the SWNTs,
uSWNTs, MWNTs, and uMWNTs recorded with a 532 nm (2.34
eV) laser excitation wavelength. Pristine SWNTs show strong G-
band at 1592 cm ™" and a very weak D-band, indicating that
SWNTs are of high quality'® which is in a good agreement with
TEM. After unzipping, a strong D-band (1261 cm™') and
a falling G-band (1604 cm™ ') are observed. The significant
increase in the intensity ratio (Ip/Ig) between D-band and G-
band also confirms the unzipping of SWNTs. The decrease in
G-band reflects that some carbon atoms have been removed and
a large number of oxygen-containing functional groups has
been introduced. A significant increase in D-band is attributed
to carbon defects introduced at the edges and on the surface of
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Fig. 4 XRD spectra of (a) SWNTs and uSWNTs, (b) MWNTs and
UMWNTs. Raman spectra of (c) SWNTs and uSWNTs, (d) MWNTs and
UMWNTSs.
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uSWNTs.* Fig. 4(d) shows that MWNTs and uMWNTSs have G-
band and D-band at similar positions. After unzipping, the
intensity ratio (Ip/Ig) of D-band and G-band increases. It
confirms that the intervention of a large number of oxygen-
containing functional groups causes the damage of both, the
graphite structure and the tubular structure. This observation is
in good agreement with TEM and XRD data.

The specific surface area of samples were studied from the
N, adsorption-desorption isotherm. At standard temperature
and pressure, the N, adsorption-desorption isotherm for
SWNTs, uSWNTs, MWNTs and uMWNTs are shown in Fig. 5.
The values of BET specific surface area of pristine SWNTs was
495 m® g~ !, whereas the specific surface area of uSWNTs was
641 m> g~ ' in Fig. 5(a). Identically, specific surface area for
pristine MWNTSs was 143 m? g ', whereas the specific surface
area of UMWNTSs was 187 m” g~ ' in Fig. 5(b). The significant
enhancement in the surface area of unzipped CNTs confirms
that the small outer layer of the pristine CNTs has been
successfully unraveled. It is observed that the unzipped CNTs
has more nitrogen adsorption than the pristine CNTs, which
means that the microporous surface area of the unzipped CNTs
is enhanced owing to unzipping of few outer layers of the
pristine CNTs. As can be seen from Fig. 2, during the unzipping
process, the space between the unzipped outer layer and the
inner core increases, which may be owe to the adhesion of
functional groups on the outer surface of the unzipped layer.
The surface of the pristine CNTs is smooth, while the unzipped
CNTs show a wrinkled surface. Thus, specific surface area
analysis study confirms that unzipped CNTs have a higher
specific surface area compared to the pristine CNTs, which also
confirms the successful functionalization of CNTs.

To further study the chemical bonding of SWNTs and
MWNTs in the oxidized state, we carried out XPS characteriza-
tion of the SWNTs, MWNTSs, uSWNTs, and uMWNTS. The ratio
of the peak intensity of C 1s to the peak intensity of O 1s (C/O
ratio) in the XPS spectrum of carbon materials is an indicator
of the degree of oxidation of carbon materials.'****"*® The XPS
quantification result is summarized in Table 1. It shows that the
C/O ratio decreases after unzipping, indicating that the degree
of oxidation of the uSWNTs and uMWNTs increases. The C 1s
spectra of MWNTSs before and after oxidation (Fig. 6(c) and (d))
can be divided into four peaks, graphite-like sp>-C or sp*>-C (C=
C), the epoxy group (C-0O), the carbonyl group (C=0), and the
carboxyl group (O-C=0). Fig. 5(a) gives C 1s spectra of pristine
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Fig. 5 Nitrogen adsorption—desorption curve of (a) SWNTs and
USWNTs, (b) MWNTs and uMWNTs.
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Table 1 Oxygen, carbon content and the derived C/O atomic ratio
calculated by XPS

Sample 0% C% C/O
SWNTs 12.39 87.07 6.73
uSWNTs 42.10 57.90 1.38
MWNTs 1.73 98.27 57.10
uUMWNTSs 31.53 68.47 2.17
(a) (b)
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Fig. 6 XPS C 1s spectra of (a) pristine SWNTSs, (b) uSWNTs, (c) pristine
MWNTs and (d) uMWNTs.

SWNTs indicating two peaks centered at 284.74 and 285.52 eV
which are attributed to graphite-like sp>-C or sp*-C (C=C) and
epoxy groups (C-O). Unzipping the SWNTSs results in appearing
additional peaks as it follows from the data presented in
Fig. 6(b). XPS of uSWNTs highlights presence of graphite-like
sp>-C or sp>-C (C=C) at 284.76 eV, epoxy group (C-O) at
286.52 eV, carbonyl group (C=O0) at 287.11 eV, and carboxyl
group (O-C=0) at 288.60 eV. XPS study supports that uSWNTSs
have a large number of carboxyl and hydroxyl groups.'* This
observation is consistent with the result of FTIR shown in
Fig. 3(a). Compared to the pristine SWNTs, strong peaks appear
at 1614 cm " and 3438 cm ™ for uSWNTs, which are assigned to
a C=0 and COO-H/O-H stretch. That verifies the carboxyl and
hydroxyl functionalities are presented on the surface of
uSWNTs. An attach of oxygen atoms to the nanotube walls
would distort neighbouring C=C double bond, which makes
them more easily to be oxidized resulting in the nanotube
opening.*” Therefore, the unzipping of SWNTs appears due to
the attached epoxy, carbonyl, and carboxyl groups on the
defective sites and edges of SWNTs. After unzipping, the
amount of oxygen-containing functional groups and, particu-
larly, carbonyl groups, increases significantly for uSWNTs
contrarily to uMWNTs. Therefore, the number of defects
introduced into uSWNTs is much more higher compared to
UMWNTs. Moreover, compared to uMWNTs, the uSWNTs tend
to be amorphous, which is consistent with the Raman and XRD

This journal is © The Royal Society of Chemistry 2020
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data. Based on these observations, we suggested that uSWNTs
blended with PEDOT:PSS as HTL on PSCs.

Before the fabrication of the devices, we investigated the
optical characteristics of the HTLs on ITO. The optical trans-
parency of HTLs is an important factor determining photocur-
rent to absorb maximum light by photo-active layer. The
transmittance spectra of all three types of HTLs along with bare
ITO are shown in Fig. 7. All of the HTLs are highly transparent
in the overall wavelength range with transmittance values up to
85% and do not significantly alter the transparency of ITO.
Furthermore, the transmittance spectra of the ITO/PEDOT:PSS
and ITO/uSWNTs/PEDOT:PSS is almost 15% higher compared
to the transmittance of pure ITO and ITO/uSWNTs in the region
of ~400-500 nm. The difference of transmittance in the ~400-
500 nm region could potentially bring a significant effect on the
photo-generated current (Js) of the device. Therefore, better
efficiency is expected for ITO/PEDOT:PSS and ITO/uSWNTs/
PEDOT:PSS, in good agreement with the photovoltaic studies
of similar devices.'****

Fig. 8(a) shows the typical current density-voltage (/-V)
characteristics under the illumination of the PBDB-T-2F:IF-4F
device with uSWNTs, pure PEDOT:PSS, and uSWNTs/
PEDOT:PSS with different concentrations of uSWNTs. The key
parameters of the devices are summarized in Table 2. The J-V
curves indicate that the device with single uSWNTs exhibited
poor performance with an open circuit voltage (V,.) of 0.512 V,
a short-circuit current (/,.) of 21.50 mA cm ™2, a fill factor (FF) of
53.94%, and a power conversion efficiency (PCE) of 5.93%. The
reason is mainly attributed to inhomogeneity of the uSWNTs
layer which high surface roughness results in inefficient trans-
portation of holes. The device with pure PEDOT:PSS as a HTL
exhibited a relatively low performance with a V,,. of 0.856 V, a J.
of 22.16 mA cm™?, a FF of 72.35%, and a PCE of 13.72%. The
devices using the concentrations at 0.5 mg mL™" or 0.05 mg
mL " of the uSWNTs/PEDOT:PSS double-decked HTL showed
a low performance with PCE of 13.42% or 13.69%. The reason is
mainly attributed to the too high or too low concentration of
uSWNTs, result in inhomogeneity of the uSWNTs/PEDOT:PSS
affect transportation of hole transport. In comparison, the
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Fig. 7 Transmittance spectra of ITO glass, ITO coated with pure
PEDOT:PSS, uSWNTs, and uSWNTs/PEDOT:PSS with different
concentrations.
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Fig. 8 (a) Current density versus voltage characteristics. (b) External
quantum efficiency (EQE) curves of devices using uSWNTs/
PEDOT:PSS (different concentrations) as cathode buffer layers.

devices using the concentrations at 0.1 mg mL™" of the
uSWNTs/PEDOT:PSS double-decked HTL showed superior
performance with a V. of 0.853 V, a Js. of 23.39 mA cm ™2, a FF of
73.17%, and a higher PCE of 14.60%. For the devices based on
uSWNTs/PEDOT:PSS HTL, the improvement is attributable to
high Js., FF, and V. values as compared to either uSWNTSs or
pure PEDOT:PSS HTLs. Perhaps, a change in the devise
performance is mainly associated with the ability of the oxygen-
containing polar groups of uSWNTs to improve the compati-
bility between uSWNTs and PEDOT:PSS polar environment. As
a result, uSWNTs/PEDOT:PSS hybrid layer does not destroy the
structure of the heterojunction. Moreover, that can sufficiently
block electrons and may partially inhibit ITO/PBDB-T-2F:IF-4F
from forming an interface through the gap of uSWNTs, rein-
forcing the carrier collection in uSWNTs/PEDOT:PSS devices.
The uSWNTs/PEDOT:PSS HTL exhibited an increase in
conductivity compared to uSWNTs or PEDOT:PSS single HTLs
as it follows from the data presented in Table 2. Measuring the
conductivity of uSWNTs, pure PEDOT:PSS, and uSWNTs/
PEDOT:PSS with different uSWNTSs concentrations reveals that
the conductivity is extremely low if only uSWNTs is used,
whereas the conductivity of pure PEDOT:PSS and uSWNTs/
PEDOT:PSS is almost the same. The conductivity of uSWNTs/
PEDOT:PSS layer at the uSWNTs concentration of 0.1 mg
mL ™" is highest. The corresponding device exhibits the best
photovoltaic performance of PSCs. The high conductivity of
uSWNTs/PEDOT:PSS film may be associated with a low value of
R#29%940 A relatively low value of Ry for uSWNTs/PEDOT:PSS
HTL demonstrates the improved charge transfer efficiency,
which suggests the better charge transportation ability of the
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double-decked structure compared to single uSWNTS and pure
PEDOT:PSS based devices.

To verify the high photocurrent density of uSWNTs/
PEDOT:PSS devices, we measured the external quantum effi-
ciency (EQE). Fig. 8(b) shows the EQE spectra of the PSCs based
on the pure PEDOT:PSS and uSWNTs/PEDOT:PSS interlayer.
Compared with the pure PEDOT:PSS cathode transport layer
devices, the uSWNTs/PEDOT:PSS interlayer-based device has
significantly enhanced EQE in the 500-770 nm wavelength
range, indicating that the uSWNTs/PEDOT:PSS device has
a lager J,., following the measured photocurrent density.”** It
shows that the formation of uSWNTs/PEDOT:PSS structure
increases the photocurrent density and enhance the EQE. In
summary, uSWNTs/PEDOT:PSS device can effectively enhance
the hole transport effect of PSCs resulting in higher Ji., and EQE
due to the improvement of the hole transport layer.

In order to confirm the repeatability of using uSWNTs/
PEDOT:PSS HTLs, we recorded the photovoltaic parameters of
uSWNTs/PEDOT:PSS devices with a concentration of 0.1 mg
mL ' and presented in Fig. 9. Devices based on uSWNTs/
PEDOT:PSS and PEDOT:PSS exhibited excellent repeatability
and reliability with very little change in V., FF and PCE. On the
contrary, devices with uSWNTs showed relatively wide varia-
tions attributed to inhomogeneity of the uSWNTs results in
inefficient transportation of holes.
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Fig. 9 Photovoltaic performance parameters including (a) Js, (b) Vo,
(c) FF and (d) PCE (%).

Table 2 Photovoltaic parameters of the fabricated polymer solar cells with various HTL configurations (V.. open-circuit voltage; Js.: short-

circuit current; FF: fill factor)

Conductivity
HTL configuration (Sem™) Vo (V) Jse (MA cm™2) FF (%) PCE (%) R, (Q cm™?)
PEDOT:PSS 1.968 0.856 22.16 72.35 13.72 3.75
uSWNTSs 0.002 0.512 21.50 53.94 5.93 7.31
0.5 mg mL~" uSWNTs/PEDOT:PSS 1.724 0.842 22.33 71.38 13.42 4.14
0.1 mg mL ' uSWNTs/PEDOT:PSS 2.083 0.853 23.39 73.17 14.60 3.08
0.05 mg mL ™' uSWNTs/PEDOT:PSS 2.041 0.854 22.12 72.53 13.69 3.45
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The selection of the double-decked uSWNTs/PEDOT:PSS as
HTL played a vital role in improving the efficiency and stability
of the device. Using a single uSWNTs or pure PEDOT:PSS as the
HTL in PSCs may cause serious instability issues at the anode
interface. The acidic and hygroscopic PEDOT:PSS aqueous
solution may react with ITO and the photosensitive layer.
Identically, a single uSWNTs layer may cause uneven coatings
on ITO, which would directly contact ITO and the photosensi-
tive layer in uncovered areas and enormously reduces device
performance. However, the combination of uSWNTs and
PEDOT:PSS in a double-decked structure is a compatible solu-
tion to improve the deficiencies of both materials.

4. Conclusions

In this work, we demonstrated a facile method to fabricate an
effective hole transport layer of uSWNTs/PEDOT:PSS to enhance
the photovoltaic performances as an efficient HTL for highly
efficient and stable PSCs. The uSWNTs/PEDOT:PSS is a prom-
ising candidate to replace conventional PEDOT:PSS or single
uSWNTs HTL by complimenting the defects of both materials.
Compared with traditional PEDOT:PSS, the uSWNTs/
PEDOT:PSS, obtained by mixing the concentrations at 0.1 mg
mL ™! of uSWNTs with PEDOT:PSS in a volume ratio of 7: 3,
results in a highly stable device. It demonstrates a Js. = 23.39
mA cm ™2, V,. = 0.853 V, FF = 73.17%, and PCE = 14.60%. The
improved performance is also attributed to the increased
conductivity and hole transport efficiency, which can be highly
desired for carrier transportation and collection as evident from
charge carrier mobility results. Moreover, the insensitivity of
performances depending on thickness promises that the facile
fabricated uSWNTs/PEDOT:PSS layer has more potential to
apply to the future roll-to-roll process of PSCs with extremely
low cost. Therefore, our study shows that uSWNTs/PEDOT:PSS
nanocomposites can be used as HTL for high-performance
and reliable PSCs.
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