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Abstract: Polymer solar cells were fabricated with varying amounts of electron transporting ZnO
NPs in a buffer layer located over an active layer of P3BHT/PCBM incorporating a fixed amount of
CuO nanoparticles. The enhanced electronic and optical properties attained by adding ZnO
nanoparticles proportionally increased the power conversion efficiency by 32.19% compared to a
reference cell without ZnO-NPs buffer layer. ZnO-NPs buffer layer improved the exciton
dissociation rate, electron mobility, optical absorption and charge collection at the anode, resulting in
higher short circuit current and external quantum efficiency. The short circuit current (Js) of the
optimum device was measured at 7.620 mA/cm’ compared to 6.480 mA/cm’ in the reference cell
with 0.6 mg of CuO nanoparticles. Meanwhile, the external quantum efficiency (EQE) increased
from 54.6% to 61.8%, showing an enhancement of 13.18% with the incorporation of ZnO
nanoparticle layer.
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1. Introduction

Bulk heterojunction polymer solar cells (PSCs), which are based on interpenetrating network of
conjugated polymer donor and fullerene derivative acceptor materials, have attracted much attention
in recent years due to their advantages of easy fabrication, simple device structure, low cost, light
weight, and capability to be fabricated into flexible devices [1,2]. In recent times, many different
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organic donor materials have been investigated [3,4,5] while electron acceptors remain the
bottleneck in these studies. The power conversion efficiency (PCE) of PSCs with [6, 6]-phenyl-C61-
butyric acid methyl ester (PCBM) electron acceptors has reached up to 9%. However, there are some
critical drawbacks with complex processing methods and oxidation of the acceptors in ambient
conditions [6,7]. Considering their stability under ambient conditions and high electron mobility,
inorganic nanomaterials such as ZnO, CdSe and TiO, are among the most suitable electron acceptors
to incorporate with the polymer donor in hybrid solar cells [8,9,10]. Among these nanomaterials ZnO,
a low temperature crystalline material, is one of the most promising electron acceptors for solar cells.

Several studies were conducted to understand the role of ZnO as an electron transport layer
embedded in PSCs. Sekine et al. [11] reported 4% PCE with 25% improvement for PSCs with ZnO
electron accepting layer while Oh et al. [12] reported 3.39% PCE for ZnO nanoparticles (NPs) doped
poly (3-hexylthiophene)/ [6, 6]-phenyl-C61-butyric acid methyl ester/ (P3HT/PCBM) PSCs.
P3HT/PCBM devices with ZnO nanoparticles, as an electron transporting layer, exhibited an
improved power conversion efficiencies up to 3.26% [13]. Zhu et al. [14] obtained a 3.5% maximum
PCE for PSCs with 15 nm diameter ZnO NPs incorporated in a buffer layer. Gao et al. [15] improved
the PCE of PSCs from 3.03% to 3.84% via hydrogen treatment of ZnO electron transport layers.
Iwan et al. [16] reported 1.2% of PCE for the ZnO buffer layer embedded organic solar cells grown
by Atomic Layer Deposition (ALD) method.

In a previously reported work [17], CuO NPs were successfully incorporated in the
P3HT/PCBM active layer as a donor candidate. The combined effect of the P3HT and CuO NPs
enhanced the optical absorption and exciton generation rate leading to better donor properties in the
active layer. CuO is a p-type semiconductor with a band gap energy of 1.5 eV, which is close to the
ideal energy gap of 1.4 eV [18], and ZnO is an n-type semiconductor which has a wide band gap
energy of 3.37 eV. Kidowaki et al. revealed the suitability of CuO/ZnO hetero-structure for solar
cells [19,20,21].

This study demonstrates the enhancement of power conversion efficiency of PSCs containing
CuO NPs incorporated in P3HT/ PC70BM film with a ZnO-NPs buffer layer. The combined effect of
CuO and ZnO-NPs was studied by UV-visible analysis, current voltage (J-V) characteristics, atomic
force microscopy, and EQE measurements. In addition, the electrical performance of the hybrid solar
devices is presented in this work.

2. Materials and Methods
2.1. Materials

Glass substrates measuring 24 x 80 x 1.2 mm (12 Q/cm?) with an ITO conductive layer of 25—
100 nm were purchased from nanocs.com. PEDOT/PSS mixed in distilled water (Viscosity 14 cP)
was obtained from Sigma Aldrich and it was mixed with an equal amount of distilled water. Active
layer materials, P3HT and PC70BM were purchased from Rieke Metals and SES Research;
respectively. Nanoparticles of ZnO (18nm diameter) and CuO (35 nm to 50 nm diameter) were
purchased from nanocs.com. Aluminium coils with a diameter of 0.15 mm were purchased from
Ted-Pella, Inc. (tedpella.com). All processing and characterization work of the PSC devices were
conducted under same experimental conditions.
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2.2. Solar Cells Fabrication

The conductive glass substrates were ultrasonically cleaned with ammonium hydroxide,
hydrogen peroxide, distilled water, methyl alcohol, and isopropyl alcohol; successively. The
fabrication of polymer based solar cells containing zinc oxide and copper oxide NPs was done in a
N; filled glove box. The P3HT-PC70BM blend was obtained by mixture (1:1 ratio in weight) of
regioregular P3HT and PC70BM (10 mg each) with 2ml of chlorobenzene (C¢HsCl) and mixing for
14 hours at 60 °C. CuO NPs were dispersed in 2 ml of C¢HsCl and were added to the mixture, so that
the weight ratios of P3HT/PCBM/CuO-NPs in the final blend was 10:10:0.6 mg. Different amounts
of ZnO nanoparticles were dispersed in pure ethanol to make four solutions with concentrations of 10,
20, 30, and 40 mg ml ™' of NPs.

The structure of the fabricated solar cell devices is schematically presented in Figure 1(a). The
solar cell devices were spun coated in a glove box with N, atmosphere. A 40 nm-thick PEDOT/PSS
layer, which serves as a thin hole-transport layer, was spun coated at a rotational velocity of
4000 rpm, followed by heating at 120 °C for 20 minutes in air. When the temperature of the samples
reached the ambient temperature, the blends with P3HT:PC70BM: CuO NPs and ZnO solution were
spun coated for two minutes at 1000 rpm and 2000 rpm; respectively. In this study, five different
devices (reference cell, 10, 20, 30 and 40 mg ml™' ZnO NPs in the buffer layer) were fabricated.
These samples are denoted as A, B, C, D and E; respectively. The active layers measured 120 nm in
average thickness and 0.12 cm” in surface area. The ZnO film thickness obtained was approximately
60 nm. The upper cathode layer with a thickness of approximately 100nm was formed by thermally
evaporating Aluminum under high vacuum.

2.3. Solar Cells Characterization

The current density-voltage (J-V) characterization was carried out for all PSCs using a UV solar
simulator with an AM 1.5G filter and a lamp intensity of 100 mW/cm®. A source meter (Keithley
2400) was used to obtain the J-V measurements. Device parameters such as short circuit current (Jg),
open circuit voltage (V,.), fill factor (FF) and power conversion efficiency (PCE) were recorded
under ambient conditions. A quantum efficiency measurement kit (Newport-425) embedded in the
solar cell simulator was used to obtain EQE values. A PerkinElmer LAMBDA 650
spectrophotometer, was used to obtain the optical properties of cells containing varying amounts of
ZnO NPs. Agilent 5420 atomic force microscope (AFM) was used to analyze the surface
morphology of the devices. Pico Image Basics and Gwyddion software were used to determine the
root mean square surface roughness (Gps).

3. Results and Discussion

The architecture of the energy levels of hybrid solar cell devices is schematically shown in
Figure 1b [19,22]. The highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy bands of P3HT are formed at —5.2 eV and —3.53 eV respectively.
Similarly, in the PCBM molecules, the HOMO and LUMO levels are formed at —6.3 eV and —3.9 eV;
respectively [23]. The conduction band (CB) of the ZnO NPs aligns at —4.1 eV while the LUMO
level of the PEDOT: PSS forms at —5.0 eV [24]. The energy difference between valence band (VB)
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and conduction band (CB) of the CuO NPs is found to be 2.07eV [18]. Hence, the P3HT combined
with CuO NPs forms a strong donor phase, which can produce more excitons (electron-hole pairs)
into the structure. These donor materials and PC70BM acceptor molecules create a donor-acceptor
(D/A) heterojunction, which can dissociate the excitons generated in the donor structure [25].

The energy gradient lowest unoccupied molecular orbital (LUMO) of P3HT (—3.5 eV) and the
conduction band edge (—4.1 eV) of ZnO is close to 1.1 eV resulting in a better exciton dissociation
through fast electron injection to ZnO layer. Similarly, the arrangement of the energy levels of CuO
and ZnO forms D/A pairs for rapid electrons transfer from CuO NPs to ZnO NPs. This rapid electron
transfer will also help to dissociate the excitons. The ZnO NPs create a high potential barrier for
holes in the P3HT to travel to the ZnO buffer layer. With a small forward bias stimulation, the
electrons are moved to conduction bands (CB) of P3HT and CuO, and transferred to the LUMO of
PC70BM acceptor materials as well as ZnO NPs. Whereas, holes move from the donor to the ITO
anode. If holes move to the ZnO layer, electrons and holes can be recombined generating leakage
current, which leads to lower power conversion efficiency. However, ZnO buffer layer provides an
energy barrier to prevent hole penetration into the valence band (VB) of ZnO.
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Figure 1. Graphical representation of the hybrid device architecture (a) Layer structure
with ZnO buffer layer, (b) energy level diagram.

The surface morphology of the active layers was studied by AFM as shown in Figure 2. AFM
images show that the assembly of an electron transporting ZnO NPs layer on the active layer
increases the roughness of the P3HT/PC70BM/CuO-NPs films. The measured root-mean-square
roughness (o,,s) value of the P3HT/PC70BM/CuO layer was 0.33 nm and after depositing the ZnO
NPs layer on the active layer, the o,,; value increased to 0.89 nm. Sample E (P3HT/PCBM/CuO-
0.6 mg NPs with 40 mg of ZnO NPs) exhibited a maximum surface roughness of 0.97 nm. These
roughened surfaces provide better interfacial contact with the Al layer and hence enhance the charge
collection ability at the Al cathode. Also, enhanced roughness can result in greater light absorption
due to the diffuse reflection between the active layer and the cathode. In the ZnO NPs layers, the
electrons mobility (6.6 x 102 em® V' s7) [26] is remarkably higher than that (1.7 x 107 em? V' s [27]
of the amorphous TiOy thin film. Hence, ZnO NP layer can act as an effective electron transporting medium.
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Figure 2. AFM images of active layer (2 x 2 um” scans) with (a) P3HT/PCBM/CuO-
0.6 mg NPs (sample A), (b) P3HT/PCBM/CuO-0.6 mg NPs with 20 mg of ZnO NPs
buffer layer (sample C), and (c) P3HT/PCBM/Cu0O-0.6 mg NPs with 40mg of ZnO NPs
buffer layer (sample E).

The UV-visible absorption spectra of the P3HT/PC70BM, P3HT/PC70BM/CuO, and
P3HT/PC70BM/CuO/Zn0O, are comparatively shown in Figure 3. The wavelength range of these
absorption spectra is between 350 nm and 550 nm. The absorption intensities of the fabricated
devices exhibited enhancements over the entire range. The optical absorption peak intensity of the
P3HT/PC70BM thin layer is 0.31 and after incorporating CuO NPs in the blend, absorption intensity
was improved to 0.63. Meanwhile, the ZnO NPs buffer layer assembled P3HT/PC70BM/ CuO NPs
increased the absorption intensity to 0.76. Therefore, the CuO NPs and ZnO NPs led to higher optical
absorption in the solar cells over the entire wavelength range.

A higher optical absorption yields more electrons-holes generation, higher carrier mobility, and
more carrier injection to the electrodes resulting in better power conversion efficiency of the solar
device. As mentioned earlier, the roughness values of P3HT/PC70BM/ CuO assembled with a ZnO
NPs buffer layer were improved and this rougher surface can reflect more light between the ZnO
layer and the Al cathode. In addition, an increase in the surface area, due to higher surface roughness,
enhances the absorption spectra of the P3HT/PC70BM/CuO and ZnO NPs compared to the
P3HT/PCBM reference film [28].

AIMS Materials Science Volume 3, Issue 3, 927-937.



932

Pure CuO NPs

30 —e— P3HT/PCBM

+ —&— P3HT/PCBM/CuQ
25 L —¥— P3HT/PCBM/CuO/10mgZn0O

—&— P3HT/PCBM/Cu0/20mgZn0O

I —p— P3HT/PCBM/CuO/30mgZnO
20 b —&— P3HT/PCBM/Cu0/40mgZn0
15|

Absorption

Wavelength (nm)

Figure 3. Optical absorption spectra of the hybrid solar cells with CuO and ZnO NPs.

The EQE or the incident photon to current conversion efficiencies (IPCE) measurements
describe the ratio between the incident photons on the solar cell, from the input source, and the
generated free charges carriers by the solar cell. The enhanced light absorption, exciton dissociation
rate, carrier collection at the electrodes and improved charge carrier mobility strongly affect the EQE
measurements. Figure 4 shows the corresponding EQE measurements. When the particle densities in
the ZnO buffer layer were increased, relevant EQEs were proportionally increased in the wavelength
range from 310 nm to 650 nm. The peak values of the EQE for samples A, B, C, D, and E are 54.6%,
56.8%, 61.8%, 60% and 57.7%:; respectively.
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Figure 4. EQE of the hybrid solar cells with ZnO buffer layer.
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CuO NPs incorporated P3HT/PCBM blends provide two main electron-transporting paths: a
conventional path through the PCBM molecules and hopping sites created by CuO NPs. The CuO
NPs produce dense PCBM clusters with hopping sites creating an efficient electron flow towards the
ZnO electron transport layer. The enhancement of EQE measurements within the wavelength range
of UV absorption spectra is generally attributed to PCBM molecules. The EQE spectra within the
wavelength range between 350 nm and 550 nm, shown in Figure 4, provide evidence for such
measurements. The ZnO electron transport buffer layer provides extremely high electron transporting
facility to the Al electrodes uplifting the EQE profile. Therefore, the separated free electrons from
excitons, created in P3HT and CuO NPs phases, can be transported through interconnected PCBM
domains and CuO NPs hopping centers towards the ZnO buffer layer. ZnO structure gives high
momentum to the electrons towards the cathode. As a result, the electron mobility is remarkably
enhanced with high EQE.

The EQE has a linear relationship with the J,. of the solar cell devices. The J. is the major
determinant of power conversion efficiency; where PCE = (J.*V,.*FF)/P;,. The J,. values obtained
for each cell followed a similar trend to EQE, which shows that the cells with 0.06 mg of ZnO NPs
in the electron transport buffer layer exhibit the highest J,. values. Table 1 summarizes the
photovoltaic performance parameters, such as Js., V,, fill factor (FF), and PCE, for all the fabricated
devices. The corresponding current—voltage (J-V) characteristics with AM 1.5G irradiation
(100 mW c¢m ) of solar cells using different ZnO NPs electron transporting buffer layers are shown
in Figure 5.

Table 1. Electric parameters of ITO/PEDOT:PSS P3HT/PCBM/Cu0O-0.6 mg NPs/ZnO

NPs/ Al solar cells.
Sample  Jo(mA/em)  VooV) FF(%) Rs R pCE(%)
> o¢ (Q/cm”)  (Q/cm”)
A 6.48040.01  0.67740.004 68.1140.03 9.2+0.01 15242  2.988+0.007
B 7.06340.03  0.6884-0.003 71.44+0.01 8.4+0.11 16545  3.472+0.016
C 7.62040.07  0.696:0.007 74.47+0.06 7.840.04 19047  3.950+0.044
D 74374001  0.70240.008 72.46+0.02 8.0+0.02 14944  3.784+0.032
E 737940.05  0.71440.012 69.79+0.08 8.3+0.05 123+]  3.67740.10
P3HT/PCBM +
| ZnObuffer 5 513,006 0.696£0.004 66.14+0.11 8.840.04 16845  2.538+0.017
ayer (No CuO
NPs)

As shown in table 1, the control device without ZnO electron transporting buffer layer shows J;.
of 6.48 mA cm 2, FF of 68.11%, V,.of 0.677 V and a power conversion efficiency (PCE) of 2.988%.
However, PCE clearly increased after assembling the ZnO electron transport layer next to the
P3HT/PC70BM/CuO layer. The optimum photovoltaic parameters were obtained by the devices with
20 mg ZnO NPs (sample C) in the electron transport layer, which exhibit a J;. of 7.620 mA cm 2, a
FF of 74.47%, a V,. of 0.696 V and a PCE of 3.950%.
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However, as the ZnO NPs content increased further, the PCE of the solar cells decreased. The
PCE of the device with 40mg of ZnO in the buffer layer decreased by 6.9%, and the photovoltaic
parameters also decreased correspondingly to Ji. of 7.379 mA c¢m > and a reduced FF of 69.79%,
leading to a final PCE of 3.68%. The fill factor (FF) mainly depends on the structural morphology of
the active layer and the series resistance of the devices [29,30]. However, the fill factor decreased
from 74.47% to 69.79% with increasing the amount of ZnO in the buffer layer. The series resistance
of the device increases with increasing the amount of ZnO NPs in the electron transport buffer layer
(Table 1). This may be the main reason that J;. and FF tend to decrease beyond the optimum amount
of ZnO NPs in the samples. Furthermore, increase of ZnO NPs in the buffer layer, exceeding the
optimum amount of 20 mg, allows the ZnO NPs to penetrate to P3HT/PCBM/CuO film and
changing nanoscale morphology within P3HT/PCBM /CuO blend. This morphology change causes a
significant reduction of donor/acceptor contact surface, thus lowering the EQE and J;. of the cells.

Voltage (V)
0.0 0.1 0.2 0.3 0.4 0.5 0.6 07
0 T T T T T T ¥ T T T N I
. —=— A: no buffer layer
1k B: buffer layer with 10mg ZnO NPs
- —4— C: buffer layer with 20mg ZnO NPs
-2 - —v— D: buffer layer with 30mg ZnO NPs

 —<— E: buffer layer with 40mg ZnO NPs
3

J(mA/cmz)

Figure 5. J-V characteristics of hybrid polymer solar cells ZnO buffer layer.

Open circuit voltage (V,.) has a linear relationship to the energized band levels within D-A
phases. The V,. of a hybrid solar cell can be increased by moving the polymer HOMO level further
away from the vacuum level [31]. However, V,. did not change significantly, possibly since the
LUMOs of P3HT and PC70BM were constant; thus suggesting that the reduced recombination due
to increased carrier mobility did not improve V,.. On the other hand, the HOMO energy level of
P3HT in the active layer was not influenced by the ZnO buffer layer in the solar cell device.
Therefore; ZnO-NPs did not enhance V. in the solar cells [32].

4. Conclusion

In this study, ZnO nanoparticles are incorporated in an electron transport buffer layer assembled
on top of the PAHT/PC70BM/CuO NPs active later. After incorporating the electron transport layer,
the PCE increased from 2.988% to 3.950% in the cells containing 20 mg ZnO-NPs (sample C) in the
buffer layer, which is equivalent to a 32.19% improvement in efficiency. The higher performance is

AIMS Materials Science Volume 3, Issue 3, 927-937.
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attributed to enhanced EQE, electron mobility, exciton dissociation and optical absorption due to
CuO and ZnO NPs in the device. The optical absorption spectrum exhibited significant improvement
in the presence of ZnO-NPs buffer layer due to the elevated exciton generation rate. AFM analysis
show an increase in surface roughness of the active layer after depositing the ZnO nanoparticles
incorporated electron transport buffer layer, which results in a larger contact area between ZnO and
the Al cathode.
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