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Abstract

The inherent electronic properties of inorganic nanoparticles; such as CuO, ZnO, and Au,
make them attractive candidates to improve the performance of organic photovoltaic
devices when incorporated in the active polymer layer. The incorporation of CuO
nanoparticles in P3HT/PC70BM solar cells at an optimum concentration yielded a 24%
improvement in the power conversion efficiency. Furthermore, the addition of Au NPs to
the PEDOT:PSS layer of solar cells containing 0.6mg of CuO-NPs in the active layer
increased the power conversion efficiency by 18% compared to a reference cell.
However, the localized surface plasmonic resonance (LSPR) effect was not distributed

v PSCs into the active layer thus the light absorption in the active layer was minimized. In

addition, the use of an electron transporting ZnO nanoparticles (Zn-NPs) in a buffer layer
located over the active layer of P3HT/PCBM incorporating a fixed amount of CuO
nanoparticles increased the power conversion efficiency by 32.19% compared to a
reference cell without ZnO-NPs buffer layer.
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1. Introduction

Bulk heterojunction (BHJ) polymer solar cells (PSCs) which are based on conjugated polymer donor and
fullerene derivative acceptor materials have attracted much attention due to the efficient charge transfer
from conjugated polymers to fullerene derivatives [1-5]. Organic solar cells (PSCs) usually have one
important hindrance for the PCE improvement with insufficient light absorption due to the thin active
layer which is restricted by the short exciton diffusion length and low carrier mobility. Therefore,
efficient sun energy harvesting requires the compounds to absorb strongly in the visible region of the
spectrum [6-11]. In order to enhance the optical properties of the organic thin films, many researchers
have tested the metallic and metal oxide nanostructures within the thin films [12-17]. Among these
compounds, nanoparticles of CuO, Au and ZnO exhibit promising inherit optoelectronic properties
which can be applied to enhance the efficiency of organic solar cell devices.

Bulk CuO is considered to be an intrinsically p-type semiconductor due to copper vacancies acting as
acceptors for the hole conduction. The band gap energy of CuO is 1.5 eV, which is close to the ideal
energy gap of 1.4 eV required for solar cells to allow good solar spectral absorption [18-21]. Illuminated
metallic nanoparticles (NPs) such as Au and other metallic nanostructures can be used to enhance the
light absorption of the polymer thin films due to the localized surface plasmon resonance (LSPR) effect
which contributes to a remarkable enhancement of local electromagnetic fields. Hence, this effect
improves the light absorption properties of the nanostructure solar cells. Furthermore, metallic
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nanostructures in the active layer can scatter the incident photons through a long propagation path
resulting in a higher light absorption and photocurrent generation of PSCs [22-27]. Zinc Oxide (ZnO) is
another attractive material for short-wavelength optoelectronic applications due to its wide energy band
gap of 3.37 eV, large bond strength, and large exciton binding energy (60 meV) at room temperature
[28]. Also, ZnO is economically cheap and an environmentally friendly n-type semiconductor which has
high electron mobility, even when measured on films consisting of assembled ZnO nanoparticles [29,
30]. The combined effect of these candidates in organic solar cells improves the exciton generation, light
scattering, and high charge mobility in these devices.

In this study, we present the effect of incorporating CuO NPs and Au NPs into the P3HT/PCBM (poly
(3-hexylthiophene)/[6, 6]-phenyl-C70-butyric acid methyl ester) and PEDOT:PSS layers; respectively.
In addition, the effect of adding a ZnO NPs buffer layer on top of the active P3HT/PCBM layer is
investigated. The morphological and optoelectronic properties of the organic solar cell devices are
comparatively analyzed by UV-Vis, XRD, DSC, AFM, External Quantum Efficiency (EQE) and solar
simulation. Therefore, this work contributes to the understanding of the uses of CuO, Au and ZnO NPs
in enhancing PSC performances.

2. Material and Methods

2.1. Materials

Three different series of P3HT/PC70BM PSCs with CuO, Au and ZnO nanoparticles were prepared and
analyzed under the same operating conditions. A conductive grade poly(3,4-ethylenedioxy-thiophene)-
poly(styrenesulfonate) (PEDOT:PSS), 1.3 wt%, was purchased from Sigma-Aldrich and diluted by
adding equal volume of H20. Regioregular P3HT Rieke ‘E’ was purchased from Rieke Metals, Inc.,
and used as received. PC70BM was purchased from SES Research Inc. and used as received. ITO coated
glass slides measuring 25 x 75 x 1.1 mm (10 Ohm/sq., and ITO thickness 20-100nm) were purchased
from nanocs.com. CuO NPs in the size range of 10~30 nm, Au NPs with 18nm diameter and
nanoparticles of ZnO (18nm diameter) were purchased from nanocs.com.

2.2 Device Fabrication

Polymer solar cells containing CuO, Au and ZnO nanoparticles were fabricated in a clean room inside a
glove box in an inert atmosphere using nitrogen gas. Three different series of devices were fabricated in
this study as described below. A P3HT/PCBM/ CuO NPs hybrid solution was prepared in a two-step
process. The first step was to obtain the PSHT/PC70BM blend by dissolving 10 mg of regioregular P3HT
and 10 mg of PC70BM in 2 mL chlorobenzene. The mixture was stirred at 50 °C for 12 hours. The
second step is the incorporation of CuO NPs into the blend by dispersing CuO NPs in 2ml of
chlorobenzene and adding it to the P3HT/PCBM blend in weights leading to the final weight ratios
(P3HT/PCBM/CuO-NPs) of 10:10:0.2; 10:10:0.4; 10:10:0.6; 10:10:0.8; and 10:10:1 mg; respectively.
The devices were fabricated in a glove box in nitrogen atmosphere by depositing layers of the materials
on a 1 mm glass substrate. The transparent electrode ITO (Merck) was ultrasonically cleaned using a
series of solvents like ammonia/hydrogen peroxide/deionized water mixture, methanol, and isopropyl
alcohol. The PEDOT/PSS layer with a thickness of 40 nm was spin coated at 4000 rpm on the substrate
and then baked at 120 °C for 15 minutes. This serves as a thin hole-transport layer.

Once the sample is cooled to room temperature, the hybrid solution containing P3HT/PC70BM/CuO
NPs was deposited by spin-coating at 800 rpm for one minute, which leads to a film thickness of about
100-150 nm. The purpose of this layer is to serve as the active layer. The upper cathode layer with a
thickness of approximately 100nm was formed by thermally evaporating Aluminum under high vacuum.
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The final device had an area of 0.12 cm®. A schematic illustration of the structure of the photovoltaic
devices which are fabricated for this study is shown in Figure 1(a).

The second series of devices was fabricated by incorporating Au NPs in the PEDOT:PSS hole transport
layer of the first series of devices. In this phase, different amounts of Au NPs were added to 10 ml of
PEDOT:PSS aqueous solution, leading to six PEDOT:PSS solutions with 0, 0.02, 0.06, 0.10, 0.14, and
0.18 mg of NPs; respectively. The P3HT/PCBM active layer contained 0.6mg of CuO NPs. The solar
cell device structure that was spun coated in this stage is schematically presented in Figure 1(b).

The third series of devices was fabricated by adding an electron transport buffer layer on top of the
P3HT/PCBM/0.6 mg CuO-NPs active layer. To prepare ZnO NPs solution, different amounts of ZnO
nanoparticles were dispersed in pure ethanol to make four solutions with concentrations of 10, 20, 30,
and 40 mg ml-1 of NPs. The ZnO NPs solution was spin coated for two minutes at 1000 rpm on the
above mentioned active layer. In this study, five different devices (reference cell, 10, 20, 30 and 40 mg
ml-1 ZnO NPs in the buffer layer) were fabricated. 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
structure of the fabricated solar cell devices is schematically presented in Figure 1(c).
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Figure 1: Graphical representation of the hybrid device architectures measurements

P3HT/PC70BM/CuO NPs

3. Results and discussion

The electrical performance of all hybrid devices containing NPs improved in comparison to their
reference devices. This can be attributed to the enhanced optical, morphological and electronic properties
of the polymer films with NPs. The short-circuit current density (Js.), open-circuit voltage (V,.), fill

factor (FF = jm# ) and power conversion efficiency, which is defined as the ratio of the products of
scvoc

Voe, Jsc and FF to the total incident power density (PCE =n =

Table 1.

Upon adding CuO NPs into the P3HT:PC70BM layer, Jsc increased from 5.233 to 6.487 mA/cm” and
the FF increased from 61.13% to 68.0%, which is an 11.2% improvement in comparison to the cells
without CuO NPs. Although the FF increased steadily in all the cells, the maximum Jsc was achieved at
0.6 mg of CuO NPs. Beyond 0.6 mg of CuO NPs, the Jsc starts to decline, while the Voc does not change
significantly. As a result, the PCE follows the same trend, increasing from 2.10% to 2.96% and then
decreasing with subsequent increase in the amounts of CuO in the solar cell. In spite of this behavior,
the increase in PCE translates to a 24.2% enhancement in the cells containing 0.6 mg of CuO NPs in
comparison to the reference cells.

]—SCZ"_C FF), of all the cells are listed in

mn
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Table 1. Summary of electrical performance parameters: (a) P3HT/PCBM/CuO-NPs, (b) PEDOT:PSS (with Au-
NPs)/P3HT/PCBM/Cu0O-0.6mg NPs (¢) P3HT/PCBM/Cu0O-0.6mg NPs/ZnO NPs

(a) P3BHT/PCBM/CuO-NPs

CuO NPs (mg) | J,c (mA/em?) | Voo (V) | FF(%) | PCE(%)
0 5.233 0.658 61.13 2.106
0.2 5.727 0.675 06.52 2.571
0.4 5.992 0.670 66.21 2.632
0.6 6.487 0.673 68.00 2.963
0.8 6.320 0.668 68.50 2.895
1.0 6.122 0.674 66.84 2.758

(b) PEDOT:PSS (with Au-NPs)/P3HT/PCBM/Cu0-0.6mg NPs

Au-NPs(mg) Ji(Alem?) | Voo(V) | FF(%) | PCE(%)
0 6.487 0.673 | 68.00 | 2.963
0.02 7.006 0.678 | 68.52 | 3.255
0.06 7.491 0.677 | 69.21 3.510
0.10 6.901 0.685 | 67.02 | 3.168
0.14 5.984 0.671 | 67.54 | 2.712
0.18 4.195 0.673 | 65.91 1.861

(c) P3BHT/PCBM/Cu0O-0.6mg NPs/ZnO NPs

ZnO NPs(mg) | Jo(A/em?®) | Vo(V) | FF(%) | PCE(%)
0 6.480 0.677 | 68.11 | 2.988
10 7.063 0.688 | 71.44 | 3.472
20 7.620 0.696 | 7447 | 3.950
30 7.437 0.702 | 7246 | 3.784
40 7.379 0.714 | 69.79 | 3.677

However, after adding Au-NPs into the PEDOT:PSS layer, Jsc increased from 6.487 to 7.491 mA/cm?;
the fill factor (FF) increased from 68 to 69.21%; while Voc remained nearly the same. Subsequently, the
improved Jsc and FF enhanced the power conversion efficiency (PCE) from 2.963 to 3.51%. The
incorporation of Au-NPs in the PEDOT:PSS layer contributed to about 18% increase in PCE due to the
notably enhanced Jsc and improved FF.
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The third series of devices were fabricated by assembling a ZnO NPs buffer layer in the optimum solar
cells containing 0.6mg of CuO NPs in the active layer. The electrical performance parameters were
further enhanced. The optimum photovoltaic parameters were obtained by the devices with 20mg ZnO
NPs in the electron transport layer (Jsc = 7.620 mA cm_z, FF =74.47%, Voc =0.696 V, PCE = 3.950%)).
However, the PCE of the solar cells decreased as the ZnO NPs content increased further, while the Voc
remained unchanged.

Figures 2 (a), (b) and (c) show the enhancement in power conversion efficiency (PCE) with the
incorporation of CuO nanoparticles in the PZHT/PCBM active layer, Au NPs in the PEDOT:PSS layer,
and ZnO nanoparticles in a buffer layer on top of the P3HT/PCBM active layer; respectively.
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Figure 2: PCE of the hybrid solar cells with (a) various CuO NPs concentrations in the PSHT/PCBM active layer (b) various
Au NPs concentrations in the PEDOT:PSS layer, (c¢) various ZnO NPs concentrations in a buffer layer on top of the
P3HT/PCBM active layer

The external quantum efficiency (EQE) in solar cells measurers the ratio between the incident photons
and the generated free charge carriers by the solar cell. EQE spectra of the different sets of solar cells
were plotted to better elucidate the observed improvement of Jsc in the fabricated devices. EQE spectra
of the devices are shown in Figures 3(a), 3(b) and 3(c). When the nanoparticle densities in the devices
were increased, the relevant EQE spectra proportionally enhanced in the wavelength range from 310nm
to 650nm. The optimum devices of each series such as CuO, Au and ZnO show highest EQEs of 54.6%,
56.8%, and 57.7%; respectively. The EQE improvements coincide with the Jsc and PCE enhancement
of the devices.
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The XRD spectrum of the CuO nanoparticles was obtained before incorporating them in the solar cell
devices, as shown in Figure 4 (a). The XRD spectra of the P3HT/PC70BM active layers containing
various concentrations of CuO NPs is shown in Figure 4 (b). The XRD spectra of the hybrid layers
illustrate improved peak intensities over the 20 range from 4.5° to 6°, indicating an enhanced crystallinity
of the P3BHT/PC70BM blend after incorporating CuO NPs.
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Figure 3: EQE of the hybrid solar cells with (a) various CuO NPs concentrations in the P3HT/PCBM active layer (b) various
Au NPs concentrations in the PEDOT:PSS layer, (c) various ZnO NPs concentrations in a buffer layer on top of the
P3HT/PCBM active layer

The significant increase in P3HT crystallinity, upon adding the CuO NPs, can be ascribed to self-
assembly of the conjugated P3HT chains leading to the orderly formation in the blend [31]. In addition,
the crystallization of P3HT is faster than the aggregation of PCBM molecules. When the crystallinity of
P3HT is enhanced, the crystallization-driven phase separation of P3HT-PCBM will take place. In turn,
this increases the PCBM aggregation and the diffusion of PCBM molecules out from the polymer matrix,
thus enabling the disordered P3HT to further crystallize. The ordered structure of P3HT leads to
enhancing the light absorption and improving the hole mobility [32]. In order to further understand the
effect of CuO NPs on the crystallinity of PRHT/PCBM active layers, DSC and XRD spectra were used
to calculate the crystallinity of the hybrid active layers as shown in Figure 5. The crystallinity percent,
as determined by both XRD and DSC, increases gradually as the amount of CuO NPs increases in the
P3HT:PC70BM polymer blend. The CuO NPs encourage the heterogeneous nucleation of P3HT
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molecules, which results in an enhanced overall crystallinity. In addition, the increase in crystallinity
can be attributed to an improvement in the nanoscale phase-separation of the P3HT/PCBM [33]. The
XRD and DSC analysis were carried out for the Au NPs incorporated PEDOT: PSS and bulk ZnO NPs,
but no significant peaks were observed for these samples.
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Figure 4: XRD spectra (a) CuO NPs (b) P3HT/PCBM-CuO NPs
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Figure 5: Crystallinity % of P3HT/PCBM-CuO NPs hybrid active layers

The spectral diagrams for optical absorption of CuO, Au and ZnO nanoparticle incorporated
P3HT/PCBM devices are shown in Figure 6 (a), (b), and (c); respectively. The photon absorption
efficiency determines the photon absorption capacity of the solar cells. The light absorption of a
semiconductor thin film is controlled by the energy band structure, absorption coefficient, and the
thickness of the photoactive layer [34]. According to the spectral diagrams, the optical absorption of
P3HT/PCBM solar cells was improved after incorporating CuO and ZnO NPs in the devices. Absorption
of a photon with an energy greater than the Eg value (1.99 eV) for P3HT generates an exciton which is
diffused to the P3HT/PCBM interface. The Eg value of the CuO NPs incorporated P3HT/PCBM was
calculated using Tuac formula:(ahv] “m=B(hv-Eg). where hv is the energy of the incident photons in
eV and m = 1/2 for indirect and 2 for direct allowed transitions, B is a constant related to the material, h
is Plank's constant, v is the frequency of the photon, Eg is the optical band gap in eV [35, 36]. Assuming
direct transitions between the valence band and the conduction band, the Eg can be determined by a plot
of [(ahv)] 72 versus (hv) at a=0. The estimated Eg value for CuO NPs is approximately 2.14 eV. The
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estimated Eg value of the P3BHT/PCBM blend was 2.71 eV. After incorporating CuO NPs into the
P3HT/PCBM blend, the Eg value was 2.64 eV. However, the Eg value did not change significantly with
changing the concentration of CuO NPs in the blend.

Au NPs improve the light absorption of the thin films due to the localized surface plasmon resonance
(LSPR) which contributes to the significant enhancement of local electromagnetic fields which improves
the optical properties of the nanostructure devices. The UV-vis absorption measurements of the solar
cells, with and without Au-NPs in the PEDOT:PSS layer, did not improve significantly as shown in
Figure 6 (b). This can be due to the strong near field surrounding the Au NPs which is distributed
horizontally through the PEDOT:PSS thin film, instead of penetrating into the P3HT/PC70BM layer,
thus leading to a lower optical absorption. Electrical effects, instead of plasmonic effects, play a major
role in the solar cell performance in these devices.
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Figure 6: Optical absorption spectra: (a) hybrid solar cells with various CuO NPs concentrations in P3HT/PCBM layer (b)
various Au NP concentrations in PEDOT: PSS layer (c) hybrid solar cells with ZnO buffer layer

Assembling a ZnO hole transport buffer layer on the P3HT/PCBM/0.6mg of CuO NPs solar cells has
notably enhanced the UV vis. Absorption. The ZnO electron transport buffer layer provides an extremely
high electron transporting facility to the Al electrodes. The ZnO NPs buffer layer not only increases the
light absorption capacity, but also improves the electronic properties of the devices by reducing the
recombination of charges at the electrode.

The surface morphology of the active layer plays an important role in optimizing the power conversion
efficiency. Surface analysis by AFM was used to understand this phenomenon. The root-mean-square
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roughness (0rms) increased from 0.11nm in the thin film without CuO NPs up to 0.47nm in the thin film
with 1mg of CuO NPs. The optimum cell with 0.6mg of CuO NPs shows a surface roughness value of
0.32nm. The CuO NPs in the active layer enhance the interfacial distribution by increasing the surface
area, which leads to an efficient dissociation of excitons into holes and electrons. Similarly, the AFM
images of Au-NP incorporated PEDOT:PSS layers showed a clear enhancement in surface roughness.
The 6 of the reference film was 0.37nm and it increased to 1.26nm in the samples containing 0.18mg
of Au NPs. The optimum cell with 0.06mg of Au-NPs showed a surface roughness value of 0.86nm. The
assembly of an electron transporting ZnO NPs layer on the active layer increased the roughness of the
P3HT/PC70BM/CuO-NPs thin films. The measured 6,ms of the PSHT/PC70BM/CuO layer was 0.32nm
and after depositing the ZnO NPs layer on the active layer, the oms value increased to 0.89nm. The
Sample of P3HT/PCBM/Cu0O-0.6mg NPs with 40mg of ZnO NPs exhibited a maximum surface
roughness of 0.97nm. The increased anode surface roughness leads to an increase in the interface contact
area between the anode and the active layer, and provides shorter routes for holes to travel to the anode.

Conclusions

In this study, CuO, Au and ZnO NPs were added to P3HT/PC70BM polymer solar cells to improve the
power conversion efficiency. The CuO NPs improved the optical absorption, P3HT crystallinity and
surface roughness of P3HT/PC70BM active layer which enhanced the exciton generation, exciton
diffusion and charge carrier transportation. In the second series of devices, Au-NPs were added at
different amounts to the PEDOT:PSS layer of solar cells containing 0.6mg of CuO-NPs in the active
layer. Consequently, the surface roughness of the PEDOT:PSS layer and the series resistance of the
devices were improved. Also, the Au NPs contributed to improving the charge carrier collection at the
anode and charge carrier transportation. In the third series of devices, ZnO nanoparticles were
incorporated in an electron transport buffer layer assembled on top of the P3HT/PC70BM/CuO NPs
active later. This buffer layer improved the optical absorption and surface roughness at the anode
interface. In addition, the ZnO buffer layer increased the electron mobility in the devices, thus reducing
the series resistance. Overall, the incorporation of inorganic nanoparticles in the organic solar cell
devices enhanced the light absorption, exciton dissociation and electron collection at the cathode, thus
contributing to an overall improvement in the power conversion efficiency of the devices.
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