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Abstract

The future of smart cities and energy-efficient infrastructures are very
much dependent on photovoltaic materials that are sustainable,
functional and affordable. In this context, copper oxide (CuO)-based
solar cells provide the advantages of energy harvesting coupled with
semi-transparent light transmission. In this work, a p-CuO thin film
layer was used together with n-doped zinc oxide (Zn0), Al-doped zinc
oxide (AZO) and indium tin oxide (ITO) to form a semi-transparent thin
film solar cell (STFSC) model developed using SCAPS-1D and optimized
using Taguchi L9 orthogonal array and analysis of variance (ANOVA).
Optimized parameters for the CuO absorber and ZnO window/buffer
layers were obtained for the best values for doping variation level and
layer thickness. With the optimized design parameters, the
performance of the STFSC device was improved in terms of the open
circuit voltage (Voc), short circuit current (Jsc), fill factor (FF) and
efficiency (). Furthermore, the power conversion efficiency (PCE) of
the STFSC device with and without CuO plasmonic nanoparticles
correspond to 10.27 % and 15.57 % respectively. The increased light
absorption was due to the effect of the larger surface area of the CuO
plasmonic nanoparticles in the p-CuO absorber layer which increased
light absorption and subsequently increasing the photocurrent.

1. Introduction

Building-integrated photovoltaics (BIPV) such as semi-transparent thin film solar cells (STFSC) are in-line with
several United Nations Sustainable Development Goals (SDGs) such as SDG 7: Affordable and Clean Energy, SDG
11: Sustainable Cities and Communities, SDG 9: Industry, Innovation, and Infrastructure and SDG 13: Climate
Action. This is because STSFC provides decentralized, clean power directly within buildings, reduces reliance on
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fossil fuels, promotes energy-efficient infrastructure, reduces greenhouse gas emissions and mitigates climate
change [1].

Recently, transition metal dichalcogenides (TMDCs) have received high attention to become potential
candidates instead of traditional materials for various applications especially for solar cells, as well as batteries,
photodetectors, biomedical, and catalysis. In these materials, the d-d transition positioned at a metal site produces
large band-edge excitation and therefore unique electronic properties leading to its suitability for various
applications [2]. Among the TMDC materials, copper oxide (CuO) is a promising material in several applications,
including in photovoltaic cells such as STFSCs [3]. It is a suitable absorber layer in solar cells due to its good
absorbance and electrical conductivity [4-6]. In addition, it has low toxicity and low electrical resistivity and is
recognized for being a cost-effective material. The CuO bandgap ranges from 1.2 to 1.9 eV, as reported in previous
work [7, 8]. Furthermore, CuO is thermally resistant due to its high oxidation state, which improves its
performance in varying environmental conditions. Thermal stability is essential for the efficiency of solar cells as
overheating may reduce conductivity and degrade overall performance [9].

Typically, CuO is used as a p-type semiconductor in solar cell devices and it is coupled with n-type
semiconductors such as zinc oxide (ZnO) and some other materials [10, 11]. Moreover, both metal oxides (CuO
and ZnO) have been applied as absorbers and window/buffer layers in semi-transparent solar cell devices [11].
Our previous work [12] involved the development of p-CuO/n-Zn0/AZO/ITO STFSC device model employing
Solar Cell Capacitance Simulator Structures (SCAPS-1D) software, which is a one-dimensional (1D) windows-
oriented program and has the largest number of simulation parameters. In this work, we optimize the device
parameters using the Taguchi L9 orthogonal array method. Optimizing the absorber layer comprising of CuO and
ZnO thin films has the potential to significantly improve power conversion efficiency (PCE), a key factor for the
successful development of these devices [13-15].

Taguchi method has been used widely in research institutions and companies to improve productivity during
research and development phases. This method utilizes an orthogonal array (OA) design to study various factors
affecting performance results while reducing the required number of the experimental trials [16]. By minimizing
the number of parameters used in device simulation, thereby it also saves cost and time [17]. Taguchi method is
known as economical in characterizing multivariable processes since it uses fewer experiments and simulations
to optimize the levels of various parameters. Theoretically, this technique can determine the experimental
condition having less variability, which can be expressed by the signal-to-noise (S/N) ratio, as the optimum
condition. In addition, this method is also usually utilized to investigate or evaluate the relationship between one
or more response variables and a set of quantitative experimental or simulation variables or factors. In addition
to theTaguchi method, Analysis of Variance (ANOVA) is an effective statistical tool for assessing the optical and
electrical properties of the CuO and ZnO films used in the device model. ANOVA allows for the identification of
factors that substantially impact performance metrics such as PCE, causing subsequent improvements based on
empirical findings [18-23].

2. Materials and Method

The previous CuO-based STFSC device was developed using numerical modeling software SCAPS-1D. In this work,
the developed device parameters were optimized using Taguchi method and ANOVA. Subsequently, the newly
optimized devices parameters were used to simulate the device again using SCAPS-1D. Plasmonic effects utilizing
CuO nanoparticles were also simulated.

2.1 Numerical Modeling

SCAPS-1D (version 3.3.0.) software was used to simulate the CuO-based STFSC device Fig. 1(a) shows the CuO-
based STFSC device structure whereas Fig. 1(b) portrays the comparison of the absorption coefficient of CuO thin
film versus CuO nanoparticles when used as the absorber layer in the STFSC device. CuO nanoparticles have a
higher absorption coefficient in the 350 -700 nm optical wavelength range. The solar cell device was modeled and
simulated under the Standard Test Conditions (STC) of AM 1.5 G, 100 mW/cm2, and temperature of 300K. The
summary of material properties or parameters that have been applied in this work is clearly shown in Table 1 and
Table 2 for CuO, ZnO and AZO layers, including the front and back contacts. The main functionality of SCAPS-1D
software is to find the solution by solving the one-dimensional semiconductor equations. Equation 1 describes the
solution that is applied in SCAPS-1D in the bulk case of the layers,
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where W(x) is the electrostatic potential, p and n are electron and hole density respectively. €0 and € are the
vacuum and relative permittivity, respectively. ND and NA are the symbols for charged impurities of the donor
and acceptor, and p signifies the electron/hole distribution.
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Fig. 1 (a) CuO-based STFSC device structure simulated using SCAPS-1D; (b) The absorption coefficient of p-CuO thin
film versus CuO plasmonic nanoparticles when used as the absorber layer in STESC device

Table 1 Parameters of ZnO, CuO, and AZO used in SCAPS-1D simulation

Parameters i-Zn0 p-CuO A7Z0
Thickness (nm) 10-300 10-110 200
Bandgap (eV) 3.400 1.5 3.300
Electron Affinity (eV) 4.1 4.070 4.450
Dielectric Permittivity (Relative) 10 18.100 9
CB Effective Density of States (1/cm3) 4.0x1018 2.2x1019 2.2x1018
VB Effective Density of States (1/cm3) 9.0x1018 5.5x10320 1.8x1019
Electron Thermal Velocity (cm/S) 1.0x107 1.0x107 1.0x107
Hole Thermal Velocity (cm/S) 1.0x107 1.0x107 1.0x107
Electron Mobility (cm?/Vs) 5.0x101 1.0x102 1.0x102
Hole Mobility (cm?/Vs) 2.0x101 1.0x101 2.5x101
Shallow Uniform Donor Density ND (1/cm3) 5.0x1016 0 1.0x1018
Shallow Uniform Acceptor Density NA (1/cm3) 0 1.0x1016 1

Table 2 Parameters of back and front contacts used in SCAPS-1D simulation

Interface Parameters Front Contact Back Contact
Metal work function (eV) 4.472 5.297
Surface recombination velocity of holes (cm.s-1) 107 107
Surface recombination velocity of electrons (cm.s-1) 107 107

2.2 Taguchi Optimization

The developed STFSC device was optimized using Taguchi L9 method. This method was also used to define the
order of importance of the control factors or parameters. It was also used to determine the effective parameter on
the device structure and the best level of each parameter. As mentioned previously, Taguchi method consists of
an orthogonal array, signal-to-noise ratio (S/N or SNR), and the response table and response graph (Main Effect
Analysis (MEA). After the number of levels and the signal factors were determined, the experiments were
executed. Output values of each experiment in the orthogonal array column were then converted to S/N. The mean
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effective plot/response graph for S/N was plotted using optimum control factors for each output performance in
the response table. The S/N can be analyzed using three performance characteristics: larger-the-better, nominal-
the-better, and smaller-the-better [24]. In this work, the output characteristics of open circuit voltage (Voc), short
circuit current (Jsc), fill factor (FF) and efficiency (1) used S/N of larger-is-better. Equation 2 provides the S/N
calculation for larger-the-better characteristics.

1 1
Larger — the — better S/N = —10log10,, [EZ (—)] (2)

2
i==1\Y;

where n the number of control factors and Yi denotes the results of the i-th turn of a set of n simulated trials. The
four control factors for the STFSC were identified as the thickness of CuO absorber layer (Factor A), the doping
concentration of CuO absorber layer (Factor B), the thickness of ZnO buffer layer (Factor C), and the doping of the
ZnO buffer layer as the final factor (D). These factors have a profound effect on the performance of the STFSC
device model. The four control factors and the assigned three levels with their values are summarized in Table 3.

Table 3 Control factors and their level values used in the Taguchi L9 optimization method

Symbol Control Factors Level
1 2 3
CuO thickness (nm) 50 80 110
B CuO doping (1/cm3) 5el3 5els lel6
ZnO thickness (nm) 10 150 300

Next, analysis of variance (ANOVA) was used to show the relationship between the control factors and the
four quality output characteristics. ANOVA consists of the degrees of freedom, sum of squares of control factors,
variance of control factors, F-ratio of control factors, and the percentage contribution of control factors towards
the output characteristics. Previous work reported an ANOVA significance of control factors quantified using a
confidence level of 95 or 99 [25], and ANOVA uses the obtained data of S/N from orthogonal arrays in the Taguchi
method.

3. Results and Discussion

Table 4 illustrates the summarized simulation calculations of the electrical and optical parameters for all 9
experiments. The calculated Voc range was 0.5539-0.714 V, while the JSC range was 10.2368-14.889 (mA/cm?).
The results indicated that the electrical parameters of the CuO thin film-based STFSC devices crucially depend on
the factors (thickness and doping) level of the CuO and ZnO thin films. On the other hand, the calculated FF were
in the range of 44.51-82.27%, while the efficiency (n) was in the range of 3.49-9.92%.

Table 4 Simulation plan and output characteristics of L9 Taguchi Method for CuO thin film-based STFSC device

optimization
Exp. Factor Level Values
number 1 2 3 4 Voc (V) Jsc (mA/cm) FF (%) n (%)
1 50 Set3 10 Set3 0.5539 10.594975 75.78 4.45
2 50 Sets 150 Seté 0.6749 10.236812 78.42 5.42
3 50 lels 300 Se18 0.6782 10.801147 82.27 6.03
4 80 Set3 150 Se18 0.5564 14.889223 79.25 6.57
5 80 Sets 300 Set3 0.7140 10.983167 44.51 3.49
6 80 lels 10 Seté 0.7 14.719729 76.87 8.02
7 110 Set3 300 Seté 0.5762 17.295531 77.27 7.70
8 110 Sets 10 Se18 0.6874 17.893431 80.67 9.92
9 110 lels 150 Set3 0.7399 16.074557 59.14 7.03
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Fig. 2 (a)-(d) shows the response graph of the S/N ratio towards the four control factors at each level for each
output characteristic VOC, ]SC, FF and efficiency (). The larger the S/N ratio, it reflects a better performance for
STFSC device optimization. For Voc, the best combination of control factors was A3B3C3D1. For JSC, the best
combination of control factors is A3B1C1D3. For FF, the best combination of control factors is A1B1C1D3. And
finally, for 1), the best combination of control factors is A3B3C1D3. Since the best factor for each output differs
from one another, the value of the S/N is used to find the best set of control factors. Else than that, the factor effect
percentage can also be used to determine the best set of control factors.
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Fig. 2 The Taguchi S/N response graph for CuO-based STFSC device for all the output characteristic (a) Voc; (b) Jsc;
(c) FF; and (d) n

The output response in terms of control factor effect on the S/N ratio for CuO thin film-based STFSC device is
presented in Table 5, where the S/N ratio was calculated using “Larger-the-better” output characteristics for Voc,
Jsc, FF, and 1. The larger the S/N ratio and factor effect percentages, it reflects a better performance for device
optimization. According to the results, for better Voc performance, factor B (CuO thin film doping) at level 3 (1e16
/cm3) is the dominant factor with factor effect of 94 %, followed by Factor A (CuO thin film thickness) at level 1
(50 nm) with factor effect of 4 %. Factor B has a greater significance in providing a better Voc performance,
followed by Factor A. Factor D and C have low factor effect percentages on the Voc performance and hence are not
crucial.

In terms of the Jsc performance, Factor A atlevel 3 (110 nm CuO thin film thickness) has the highest S/N factor
effect at 84%, followed by factor D with an S/N percentage of 8%. Factor B and factor C affects the Jsc with 4%
only. The fill factor (FF) shows that the highest factor effect percentage comes from Factor D at 57% at Level 3
(ZnO doping at 5e18 /cm3) followed by Factor A (18%), Factor B (13%) and Factor C (13%). Finally, for better
efficiency () performances, factor A and factor D are the dominant S/N with factor effect of 40%. This is followed
by Factor C (13%) and Factor B (8%). Therefore, the best combination of control factors is A3B3C1D3 which is
equivalent to CuO thin film thickness of 110 nm (A3) with doping concentration of 1el¢ /cm3 (B3) and ZnO thin
film thickness of 10 nm (C1) with doping concentration of 5e18 /cm3 (D3).

Fig. 3 compares the J-V curves of two types of CuO-based STFSC; one utilizing thin film CuO layer as the
absorber layer and another utilizing CuO plasmonic nanoparticles as the absorbing layer. The CuO thin film-based
device has a lower photocurrent than CuO nanoparticle-based device. The result indicate that CuO nanoparticle-
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based device provides a higher Jsc value of 456.78 mA/cm2 and Voc value of 0.75 V. In comparison, the Jsc and
Voc values are 276.87 mA/cm2 and 0.77 V, where the Jc value is much lower in the CuO thin film-based devices.
Based on the results obtained, it is concluded that utilization of CuO plasmonic nanoparticles as the absorbing
layer in STFSC device provides a larger surface area for light absorption and subsequently higher current
generation due to the higher absorption coefficient as portrayed in Fig 1(b).

Table 5 The calculated S/N response of control factors with optimal parameters

Voc (V) Jsc (mA/cm) FF (%) n (%)
Control % Level % % % Optimal
Factor Level  Factor Factor Level Factor  Level  Factor Parameter
Effect Effect Effect Effect
A 1 4 3 84 1 18 3 40 A3
B 3 94 2 4 1 13 3 8 B3
C 1 0 2 4 1 13 1 13 C1
D 3 2 3 3 57 3 40 D3
500 =
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Fig. 3 J-V curves of STFSC comparing absorber layers using thin film-based CuO layer versus CuO plasmonic
nanoparticle-based devices

Table 6 compares the Taguchi optimization of the output characteristics of the CuO-based STFSC utilizing CuO
thin film (A3B3C1D3) versus CuO nanoparticles as the absorber layer. It clearly indicates that all output
parameters show increased values when CuO nanoparticles are used as the absorbing layer. The Voc improves by
1.64%, the JSC improves by 46%, the FF improves by 1.77% and finally the efficiency improves by 51% when CuO
nanoparticles are used as the absorbing layer in STFSC device. The higher surface area of CuO nanoparticles allow
a larger amount of light to be absorbed hence increasing the amount of current generated in the STFSC device.

Table 6 L9 Taguchi optimization and comparison between CuO thin film and CuO plasmonic nanoparticle-based
absorber layers in the STFSC device

Materials A B C D Voc Jsc FF n

(nm) (1/cm3) (nm)  (I/em3) (V)  (mA/cm) (%) (%)
CuO thin film 110 lels 10 Se18 0.7068 17.566  82.735 10.273
CuO 0.7184  25.734 84.20 15.566
nanoparticles 110 lel6 10 5els
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Fig. 4 exhibits the quantum efficiency (QE) comparison between both STFSC devices utilizing CuO thin film
and CuO plasmonic nanoparticles as the absorber layer. The CuO nanoparticle-based device records a QE value
~90% across the visible wavelengths ranging from 350 to 800 nm whereas the QE value of the CuO thin film-
based device was recorded at ~60%; an increase of 50%. The improvement clearly shows the presence of the
plasmonic /nanoparticles effect on the structure of the device, in which the nanoparticles absorb more photons
and generates higher current density.
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Fig. 4 Quantum Efficiency (QE) comparison between STFSC devices with and without plasmonic CuO nanoparticles
as the absorber layer

4. Conclusion

The L9 Taguchi orthogonal array and ANOVA methods were applied to obtain optimized control factor
parameters, such as the best thickness and doping levels that enhance the performance of CuO thin-film/CuO
nanoparticle-based STFSC devices. As a result, the best combination of control factors is A3B3C1D3 which is
equivalent to CuO thin film thickness of 110 nm (A3) with doping concentration of 1e16 /cm3 (B3) and ZnO thin
film thickness of 10 nm (C1) with doping concentration of 5e18 /cm3 (D3). This gives the output parameters of
VOC of 0.7068 V, JSC is 17.566 mA/cm, fill factor achieved 82.735 % and the efficiency was 10.273 %. In addition,
replacement of the CuO thin film with CuO nanoparticles as the absorber layer further enhanced all device output
parameters from a minimum of 1.64% to 51% in terms of increment percentage. Therefore, a plasmonic CuO-
nanoparticle-based STFSC device achieved efficiency of 15.57%. The effect of nanoparticles or plasmon polaritons
that propagate in the plane of the semiconductor thin film layer is beneficial, and extremely thin photovoltaic
absorber layers (tens to hundreds of nanometres thick) are capable of absorbing photons from the entire solar
spectrum. This can confine light excessively, increase the photocurrent and consequently, improve the PCE
conversion.
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