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Summary: Polymer/fullerene solar cells with cathode buffer layer and double heterojunction
electrospun metal oxide nanofibers are presented in this study. Electrospun TiO, nanofibers on
solution processed ZnO cathode buffer layer (CBL) are synthesized and introduced to inverted
organic photovoltaic devices for improving their power conversion efficiency. It is found that a
combination of ZnO (CBL) with electrospun TiO, nanofibers covers a large wavelength range for
light absorption and reduced device series resistance, which improved current density and fill factor
of the devices. The structural and optical properties of the various structure/ layers are investigated
by FESEM and UV-Vis spectrophotometer, while the devices were characterized under 1.5G
illuminations by solar simulator. The resultant efficient inverted solar cells exhibit an open circuit
voltage of 0.62V, short circuit current density of 12.98mA/cm?, fill factor of 0.53, and power

conversion efficiency of 4.27+0.01%.
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Introduction

Solar energy has the potential to meet the
global growing needs for energy by providing clean,
sustainable alternative to fossil fuels [1]. Organic
photovoltaic (OPV) devices are much feasible for
conversion of solar energy into electricity due to their
low cost [2], flexible structure [3, 4], large scale [5],
easiest and most versatile fabrication techniques [6-
11].

The challenges regarding OPV are their
comparatively low power conversion -efficiency
(PCE) and stability/lifetime. The performance has
reasonably improved since the concept of bulk
heterojunction (BHJ). There are various reports
claiming high PCE relative to the controlling device,
despite these efforts OPV have primary stability
concern for stepping into the global market. The
typical BHJ organic solar cell has a indium doped tin
oxide (ITO) anode, a thin layer of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS), -BHJ active layer of a blend
comprising of poly(3-hexylthiophene) (P3HT) and
[6,6]-phenyl C61-butyric acid methyl ester (PCBM)
and a low work-function metal cathode. The structure
of the OPV devices has used in an inverted
configuration to overcome the challenges of stability;
however the efficiency of such devices is not much
higher due to low mobility of the polymer. The
problem is anyhow minimized by the introduction of
metal oxides in OPV devices.

The ZnO nanostructure are most widely
used metal oxides because of their higher energy
bandgap (3.2~3.4eV) [12-15] and carrier mobility
(4x10°cm*V''s™") [16]. The TiOy/TiOy structures are
being studied both in inverted [17-19] and normal
[20, 21] geometry devices. The bandgap of
TiO,/TiOx (3.7¢V) [20] is smaller than ZnO,
therefore, not much favorable for use as a cathode
buffer layer (CBL) in inverted structure. However,
the high mobility (10°~10"cm?V's™) [22] and
excellent transport properties of TiO, make it ideal
for OPV devices to improve their performance.

There are various reports where metal oxide
structures are applied to photovoltaic (PV) devices.
These structures are nanodots [23], quantum dots
[24], nanoparticles [17], nanorods [25-27], nanotubes
[28, 29], nanowires [30] and nanofibers [31].

The nanostructures are synthesized by
various techniques, the most common are sol-gel [12,
17], hydrothermal [30, 32], anodization [33], atomic
layer deposition [29], and electrospinning [34]. The
electrospinning technique is extensively suited for
solar cell applications due to their small diameter,
continuous length covering a large surface area of the
substrate and most importantly controlled layer
thickness. Such advantages make electrospinning the
suitable nanostructure synthesizing technique for PV
devices.
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The light harvesting and charge collection
efficiency within blended heterojunction devices are
two challenges regarding the thickness of the active
layer. Thick active layer harvest maximum light and
result high carriers, however, on the other hand most
of the carriers are lost due to poor carrier collection
efficiency. There is always a tradeoff between light
harvesting and maximum carrier collection efficiency
by optimum active layer thickness. The other
alternative of such a challenge is the introduction of
nanostructure metallic oxide to enhance light
harvesting and increased carrier collection. The best
choices are the metal oxide porous nano structures
like nanotubes having pores of the order of exciton
diffusion length (5-10nm) [35-37]. Conversely, the
infiltration and crystallization of polymer in small
pores are a challenge. These challenges are overcome
by the introduction of electrospun nanofibers. We
have already demonstrated the infiltration of polymer
through electrospun nanofibrous network [31]. The
porous area within the nanofibrous network can be
controlled by electrospinning time. TiO, nanotubes
were used to improve the PCE of the OPV devices by
double heterojunction [28]. The vertically aligned
nanotubes have the disadvantage of low parallel
device resistance by short to the top contact.
Electrospun nanofibers based devices have high
parallel resistance and therefore, increased PCE.

A high-efficiency inverted solar cell can be
fabricated by utilizing a highly transparent cathode
interface layer on ITO to restrain the charge
recombination and enhance electron extraction. The
matching of energy levels of the charge transport
states in the donor material and the electrode Fermi
level is important for efficient solar devices. The
other critical issue regarding device performance is
the energy level alignment of organic/
semiconducting organic heterointerfaces, which
affect both the charge separation and the open circuit
voltage. The introduction of buffer layer
matches/aligns the energy levels to improve the
performance of the OPV devices. The reported
materials for buffer layer are CdS [38], tris(8-
hydroxyquinolinato) aluminum (Alq3) [39], MoO;
[15], Ca [40]. N-type metal oxide such as TiO, and
ZnO are promising candidates due to their relatively
high electron mobility, environmental stability, and
high transparency. ZnO cathode layer was introduced
to improve the PCE of the inverted devices [16, 19,
41, 42]. TiOy/ TiO; has also been studied as a cathode
buffer layer in various inverted OPV devices [43-46].

In this study, we synthesized electrospun
ZnO and TiO, nanofibers, then studied their optical
properties and  finally  fabricated  double
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heterojunction devices by applying these fibers on
ZnO and TiO, solution processed cathode buffer
layer (CBL) for investigating the inverted OPV
device parameters. The fabricated devices were
investigated by incident photon to current conversion
efficiency (IPCE) and J-V characteristics under 1.5G
solar illuminations.

Results and Discussion
Fig. 1 shows the FESEM image of the TiO,

electrospun nanofibers network. The diameter of the
calcined nanofibers was 81+17nm. The cross

sectional view of the TiO, nanofibers on ZnO CBL,
the schematic and cross-sectional prior to electrode
deposition of the most efficient device is shown in
Fig. 2a-b.

f IJ--&

FESEM of electrospun TiO, nanofibers
calcined at 350°C for 3h; a) and b) showing
continuity and porosity of nanofibers
network.

DOTPSS
rP3HT:PCBM

Cross-sectional FESEM  image and
schematic of the double heterojunction
organic photovoltaic devices; a) schematic
of the fabricated ITO/ZnO (CBL)/
electrospun TiO, nanofibers/P3HT: PCBM/
PEDOT: PSS/Ag double heterojunction
inverted organic photovoltaic device and; b)
cross-sectional view of ITO/ZnO (CBL)/
electrospun TiO, nanofibers/P3HT: PCBM/
PEDOT: PSS layers prior to electrode
deposition.

The ZnO electrospun nanofibers have no
effect in visible range of the spectrum as indicated in
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Fig. 3. The TiO, nanofibers have small energy
bandgap compared to ZnO nanofibers therefore,
showing higher absorption in the long wavelength
region. The absorption shift for TiO, nanofibers
electrospun on ZnO thin CBL attributed to the
defects introduced at the interface. The absorption
intensity of the P3HT: PCBM blend infiltrated in
ZnO (CBL)/ TiO, nanofibers has increased compared
to the blend infiltrated in ZnO (CBL)/ ZnO
electrospun nanofibers and TiO, (CBL)/ TiO,
electrospun nanofibers, which is appreciated for solar
cell devices.

= & ZnO{CBLYZNO eh
n3n - InO{CBLITAO, o
= THO, (CELITIO, @

4% a  m—TAO{CBLITIO, shsctrospun nancfibers
el
" e

Absorbance (a.u)

is0 400

450 00 550 600 650 00
Wavelength (nm)

Fig.3 UV-Vis  absorption spectroscopy  of
electrospun nanofibers and various layers
used for fabrication of inverted double

heterojunction organic photovoltaic devices.

Fig. 4 shows the illuminated J-V
characteristics of the fabricated devices under an
intensity of 100mW/cm®, 1.5G solar simulator. The
detail of various parameters of these devices is listed
in Table-1. V. of the devices fabricated by ZnO
(CBL)/ electrospun TiO, nanofibers was improved
(0.62V) compared to the devices fabricated by using
both the identical metal oxide CBL and electrospun
nanofibers. This is due to a range of Fermi level for
two different metal oxides. The increase in V. could
also be attributed to band bending by ZnO
(CBL)/electrospun TiO, nanofibers [47].

The role of double heterojunction provided
by electrospun metal oxide can be investigated by
improved J;. of these devices as listed in Table-1.
The increased charge collection efficiency along with
high carrier mobility of these fibers has improved the
Js. of the devices. The devices fabricated by TiO,
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nanofibers have higher J,, compared to devices
fabricated by ZnO nanofibers, such effect can be
attributed to the contribution of the increased carrier
by higher light absorption due to the small band gap
of T102

t F

w [TO/ZnC/P3HT-PCBM/PEDOT:PSS/Ag

= o [TO/Zn0/Zn0O nanofibers/P3HT-PCBM/PEDOT-PSS/Ag

&= [TO/Zn0Y/ TiO; nancfibers/P3HT:PCEM/PEDOT-PSS/Ag
sss [TO/TIOS TiO; nanofibers/P3HT-PCBM/PEDOT-PSS/Ag
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)

Voltage (V)

J-V characteristics of the inverted double
heterojunction OPV devices under 1.5G
solar illuminations.

The FF has increased for the devices
fabricated by TiO, electrospun nanofibers on ZnO
CBL from 0.51 to 0.53 compared to the devices
fabricated by TiO, CBL. The improved FF attributed
to a better ohmic contact for ZnO (CBL)/electrospun
TiO, nanofibers based devices compared to other
devices [48]. This is evidenced by the decrease in
series  resistance  from  4.28Q-cm’  (TiO,
(CBL)/electrospun TiO, nanofibers) to 1.27Q-cm?
(ZnO (CBL)/electrospun TiO, nanofibers).

The PCE of the devices fabricated by ZnO
(CBL) /electrospun TiO, nanofibers reached to
4.27+0.01%, which is much higher than both of the
other devices fabricated with nanofibers and three
times higher than the devices fabricated without
nanofibers. The major contribution to this increase is
by the FF and V., though J,. of all the devices is
higher, as metal oxide nanofibers act as a part of the
double heterojunction. The introduction of ZnO
(CBL) along with TiO, electrospun nanofibers
facilitate better alignment between the work function
of ITO and LUMO of PCBM [18], resulted in an
improved PCE.

Fig. 4:

Table-1: The OPV device parameters under 1.5G solar illuminations.

Device structure Voo (V) J,. (mA/cm?) FF PCE (%)
ITO/ZnO/blend/PEDOT: PSS/Ag 0.49 5.56 0.49 1.34+0.02
ITO/TiO2/TiO, nanofibers/blend/PEDOT: PSS/Ag 0.61 12.76 0.51 3.97+0.01
ITO/ZnO/ZnO nanofibers/blend/PEDOT: PSS/Ag 0.61 11.67 0.52 3.70+0.03
ITO/ZnO/TiO; nanofibers/blend/ PEDOT: PSS/Ag 0.62 12.98 0.53 4.27+0.01
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The IPCE for all the devices is displayed in
Fig. 5. The maximum IPCE obtained is 75.27% at
506nm for ZnO (CBL)/ electrospun TiO, nanofibers
based OPV devices. Contrarily, the IPCE has
decreased to 63% for devices fabricated by ZnO
(CBL)/ electrospun ZnO nanofibers. The possible
reason evidenced by UV-vis absorption (Fig. 3), is
the reduced absorption of ZnO nanofibers compared
to TiO, nanofibers. The increased IPCE in the visible
range (450-550nm) is attributed to efficient charge
collection and extraction by the electrode. The
increase in IPCE, for metal oxide nanofibers based
devices is in agreement with the increased J,
indicating that maximum carriers were collected by
nanofibers both from P3HT and PCBM.
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Fig. 5: The incident photon to power conversion
efficiency of the fabricated photovoltaic
devices.

Experimental

Synthesis of Nanofibers

Electrospun nanofibers were synthesized by
optimized  precursor  sol-gel. The  various
electrospinning parameters were optimized and kept
fixed for both (TiO, and ZnO nanofibers) structures
and two separate sols for electrospinning were
prepared as described below.

TiO,/poly(vinylpyrrolidone) (PVP)
precursor homogenous sol-gel was prepared by
mixing a  solution of 0.15ml titanium
tetraisopropoxide (Ti(OiPr),) (Sigma Aldrich) and
0.3g PVP (Sigma Aldrich MW 40, 000) dissolved in
Sml ethanol. The sol was stirred at room temperature
for 10h, while 0.25ml acetic acid was added drop
wise during the process.
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ZnO/PVP  sol-gel was obtained by
dissolving 0.15g of zinc acetate dehydrate and 0.3g
of PVP (MW 40,000) in 3ml of 2-methoxyethanol.
1.5ml of isopropanol along with 0.05ml ethanolamine
was added and the mixture was stirred for 14h at
room temperature to get homogenous sol for
electrospinning.

The precursor mixture was immediately
loaded into a plastic syringe equipped with a needle
made of stainless steel having an internal diameter of
0.25mm. The distance between the tip of the needle
and the collector plate was fixed to 12cm. The
nanofibers were collected by the substrate placed on
a collector plate by applying an optimum high
voltage of 10kV between the needle and the collector
plate. The flow rate and electrospinning time was
optimized to 0.25ml/h and 10min respectively. The
role of humidity and temperature is always related to
the diameter and the network layer thickness of the
nanofibers, so electrospinning was performed in a
low humidity (25~35%) environment at room
temperature. The as spun nanofibers were left in the
air for more than 12h to allow the complete
hydrolysis. Finally, composite nanofibers were
calcined in air at 350°C for 3h to obtain a continuous
nanofibrous network.

Device Fabrication

Electrospun nanofibers metal oxide based
inverted OPV devices were fabricated on an indium
doped tin oxide (ITO) (sheet resistance of 17€)/sq)
coated glass substrate. The substrate was first cleaned
by sonication for 10min each in detergent, de-ionized
water, acetone and isopropanol, and then dried by
nitrogen flow. The cathode buffer layer (CBL)
(~20nm) of TiO, and ZnO was deposited by spin
coating respective solution followed by 1h hydrolysis
at room temperature and annealing at 200°C. The
solution for TiO, CBL was synthesized by stirring a
mixture of dissolved Ti(OiPr)4 (1.0ml) in (5ml) 2-
MeEtOH and (1ml) MEA, at 80°C for two hours.
ZnO CBL was spin coated by a solution of (0.5g)
Zinc acetate dehydrate, (5ml) 2-MeEtOH, and
(0.15ml) MEA stirred at 60°C for 2h. The metal
oxide nanofibers were electrospun on CBL as
mentioned above. A blend of poly (3-hexylthiophene)
(P3HT) (Ricke Metals, Mw 48000, regioregularity
93%) and PCBM (Ossila) was prepared by mixing a
solution of P3HT (12mg/ml) and PCBM (10mg/ml)
dissolved in chlorobenzene and spin coated at 1250
RPM for 40s. Then a layer of PEDOT: PSS (Sigma
Aldrich) was spin coated at 4000 RPM for 60s. The
devices were annealed at 140°C for 10min prior to
the deposition of 100nm thick top Ag electrode. In
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order to confirm the reproducibility of the results,
each of the devices was fabricated and characterized
four times under identical conditions. The structures
studied in this report are; a) ITO/ZnO (CBL)/blend/
PEDOT: PSS/Ag ; b) ITO/TiO, (CBL)/TiO,
nanofibers/ blend/ PEDOT: PSS/Ag; c¢) ITO/ZnO
(CBL)/ZnO nanofibers/blend/PEDOT: PSS/Ag; and
d) ITO/ZnO (CBL)/TiO, nanofibers/blend/PEDOT:
PSS/Ag.

The morphology, diameter, and porosity of
the nanofibers were studied by Hitachi S-4700 field
emission scanning electron microscope (FE-SEM),
and Imagel software. The thickness of the layers was
measured by o-step surface profiler while UV-Vis
absorption spectrum was analyzed by Perkin Elmer
Lambda 750 spectrophotometer. PV Measurements
Inc was used to measure the incident photon to
current  conversion  efficiency (IPCE). The
photovoltaic performance of fabricated devices was
studied by a solar simulator AM 1.5G, under
illumination of 100mW/cm® (Newport 69911). Cell
current-voltage characterization was conducted by
using Keithley 236 source meter.

Conclusion

ZnO (CBL) reduced the series resistance of
the devices when used with TiO, electrospun
nanofibers compared to the devices fabricated by
identical oxide CBL and nanofibers. The double
heterojunction provided by electrospun nanofibers
has improved the J,. of the OPV devices by
collecting and transporting the maximum carriers
from P3HT: PCBM to the electrode. The
combination of ZnO (CBL) with electrospun TiO,
nanofibers has improved the PCE up to 4.27% by
improving the V. (0.62V) and FF (0.53) due to broad
absorption of light spectrum and reduced series
resistance through better ohmic contact.
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