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In the current time, transparent and semitransparent solar cells in photovoltaic industry
have drawn important attention owing to their potential use as solar windows, and energy
harvesting devices for building, vehicle integration and flexible electronics. In this work, a
semitransparent thin film heterojunction solar cells device structure of p-CuO/n-
ZnO/AZO/ITO was numerically modeled using SCAPS-1D software tools. The cell’s
performance was investigated in terms of the different material layer properties, such as
the thickness and carrier concentration or doping level. The simulation results of copper
based semi-transparent thin film solar cell (TFSC) as the bottom cell model indicates that
the highest efficiency was achieved at 8.9116 %, with the thickness and -carrier
concentration of n-ZnO material layer set at 20 nm, and 5.0 x 10" cm™ respectively,
whereas the thickness of CuO absorber layer was fixed at 110 nm. Finally, the overall
results show that CuO based absorber layer exhibits potential as photoactive material
particularly for semitransparent thin film solar cells applications.
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1. Introduction

In over the last decade, transparent/semitransparent solar cells are being recognized as one
of the promising technologies in the photovoltaic industry, which combines the benefits of the
light absorption for photovoltaic conversion and the visible light transparency for functional and
aesthetic applications, such as semitransparent photovoltaic windows, which are considered as a
good solution for balancing the energy generation and visual comfort by integrating photovoltaic
cells into the existing new buildings [1,2]. Photovoltaic technology can be classified into a few
categories such as inorganic and organic [3,4-6], dye-sensitized solar cells [7], and the recently
developed perovskite/hybrid perovskite solar cells [8].

Normally, the metallic and metal oxide coatings are deposited onto glass substrates with
varying thickness with the purpose to control the amount of visible and infrared light that is
reflected and transmitted [9]. Metal oxide compounds have been gaining wide research interest in
the past years due to its multifunctional optoelectronics properties. Among those, Cu-based metal
oxides binary compounds, namely, cupric oxide (CuQ, tenorite) cuprous oxide (Cu,O, cuprite),
and Cu,0; (paramelaconite) have been particularly rigorously investigated [10]. Both cupric oxide
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(CuO) and cuprous oxide (Cu,0) are categorized as a stable form of copper oxide compounds, and
commonly used in thin film solar cell structure as a p-type photo-absorber layer [11-13]. Cupric
oxide (CuO) has a monoclinic crystal structure, and it has band gap in the range of 1.0-2.1 eV [14-
16]. Furthermore, the constituents of this material is non-toxic and cost effective and on the other
hand the compound can be synthesized through relatively simple preparation process [17, 18].
Furthermore, CuO has a direct and indirect band gap [19, 20]. Normally, this metal oxide is widely
used as a photo-absorber layer in photovoltaic devices structure [21-23]. Unlike CuO, Cu,O metal
oxide has a cubic crystal structure with a band gap in the range of 2-2.6 eV, hence, making it
transparent to visible light spectrum. The highest power conversion efficiency (PCE) of Cu,O-
based solar cells is 8.1%, although the theoretical limit of PCE for Cu,O solar cell is ~ 20%
[24,25]. In past years, the metal oxide of Cu,O has been used effectively for solar cell fabrication,
and it was used in Schottky diode [26] and was proven experimentally. The performances of the
solar cells are not as good as predicted in theoretical calculation due to the effect of some
performance limiting factors such as the impurities, bulk defects, and the interface states. In the
past few years, research in CuO-based heterojunction solar cells with the incorporation of other
metal oxides has been conducted [27,28]. However, issues such as defect and the quality of photo-
absorber film remains as the main constraining issues, which impedes the attainment higher PCE
[29]. The PCE for thin-film heterojunction solar cell CuO-based device has been predicted that the
PCE possible to reach up to 30%, by considering only radiative recombination [30].

The window layer is a very vital part of solar cell devices, as studies show that optimizing
this layer could improve solar cell efficiency. Wide band-gap semiconductor materials play an
important role as the window layer of TFSC in terms of optimizing the spectral response in short
wavelengths area. Photons that are absorbed by a low band gap window layer material will not
generate any photocurrent due to its poor response to the shortwave solar spectrum. Since over last
decade, where both doped Zinc oxide and undoped ZnO films have been used in thin-film solar
cells structure as the window layer. As well known, ZnO is a transparent metal oxide material that
has a band gap energy value of 3.34 eV. In addition, it also has potential to be used in other
optoelectronics electronic devices, due to its transparency in the visible spectral region [30,31],
and the controllable n-type feature, excitonic properties, has enabled extensive usage in
heterojunction thin film solar cells [32]. The presence of the absorber and buffer/window layer in
thin-film solar structure gives rise to the interface defects between buffer and window layer which
finally can influence to the performance solar cell devices [33]. In the purpose of overcoming the
issue of band offset, a variant of doping and the varying thickness of material for each layer have
vital contributions and play in controlling the performance of the cell, as presented for the diode in
case of recombination-limited operation [34,35].

SCAPS-1D software is used to simulate different types of thin-film solar cells device such
as CdTe, Cu(In,Ga)Se,/CIGS, and some other heterojunction solar cells devices as well [36]. In
this work, the numerical simulation of heterojunction solar cells of the p-CuO/n-ZnO/AZ0O/ ITO
structure device was executed using SCAPS-1D, in an initial attempt to achieve the optimized
parameter for metal oxide of the active layer (p/n type) set up. Furthermore, the main goal of this
work is to achieve the higher power conversation efficiency (PCE) of semitransparent thin films
heterojunction solar cell devices. SCAPS-1D is a familiar software and well known as one of the
numerical tools for solving the problem in thin-film solar cells structure device by implementing
the two continuity equations and the Poisson’s equation [38]. In this work, we investigated some
specific parameters such as layer thickness and concentration variation/doping level of
semitransparent thin-film heterojunction solar cells structure p-CuO/n-ZnO/AZO/ ITO device,
with the aim to see its effect in the solar cells device performance (Jsc, Voc, 1, and FF).
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2. Methods

SCAPS-1D or known as Solar Cell Capacitance Simulator is one of the modeling tools in
a photovoltaic system and is generally known as one of free software as introduced by Burgelman
et al in 1996, which is the SCAPS version that used for this simulation study is the SCAPS-1D
3.3.0. The semitransparent thin film CuO based solar cell device has simulated under the
illumination of the standard; AM 1.5 G, 100 mW/cm?, and the temperature at 300 K, and the
details of the schematic/structure devices of p-CuO/n-ZnO/AZO/ ITO heterojunction solar cell has
been presented and as described in Fig.1. Meanwhile, the material properties/parameters of the that
used in this work including front and back contacts are provided as clearly shown in the table. 1
and 2. Poisso equation is given as below.

= =L=3(p(x) —n(x) — Ny + Np) (1)

&

where E is the electric field, p is the charge density and ¢ is the material permittivity. This equation
gives the basic relationship between charge and electric field strength, meanwhile p(x), n(x), Na
and Np are hole density, electron density, acceptor atom density and donor atom density,
respectively. Furthermore, for the continuity equations of electrons and holes as expressed in the
following equation;

A.Jp = q(G —R) @)

AJp,=qR—-G) 3)

where, G is the generation rate R is the recombination rate; J, and J;,, electron and hole current
densities are respectively

llumination
u > from top cell

1.8x10°

(@)

(b)

1.6x10°

1.4x10° -

1.2x10°

1.0x10°

8.0x10"

6.0x10"

4.0x10"

2.0x10" CuO Absorption coefficient (1/cm)

o Absorption coefficient (1/cm)

H H 0.0 T T T T T T
Illummatlon fl'OlTl 300 400 500 600 700 800 900
—_

bottom cell Wavelength (nm)

Fig. 1. (a) Semi-transparent TFSC CuO based device structure, and (b) The absorption
coefficient of p-CuO Absorber Material Curve.



Table 1. Parameters of ZnO, CuO, and AZO that used in SCAPS simulation

Parameters n-ZnO p-CuO AZO
Thickness (hm) 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/cm°) 4.0x10™ | 2.2x10" | 2.2x10™
VB effective density of states (1/cm” 9.0x10" | 5.5x10%° | 1.8x10%
electron thermal velocity (cm/s) 1.0x10" | 1.0x10" | 1.0x10’
hole thermal velocity (cm/s) 1.0x10" | 1.0x10" | 1.0x10’
electron mobility (cm?/Vs) 5.0x10" | 1.0x10% | 1.0x10°
hole mobility (cm?/Vs) 2.0x10* | 1.0x107" | 2.5x10°
shallow uniform donor density Np (1/cm®) 5.0x10™ 0 1.0x10%
shallow uniform acceptor density Na (1/cm®) 0 1.0x10™ 1

Table 2. Parameters of back and front contacts that used in SCAPS simulation.

Interface Parameters Front Contact Back
Contact
Metal work function (eV) 4.472 5.297
Surface recombination velocity of holes (cm.s™) 10’ 10’
Surface recombination velocity of electrons (cm.s™) 10’ 10’

Therefore, there will be two competing forces in the p-n junction, diffusion opposed by
drift, and the equations of transport of carrier in semiconductors occur by being carried and
diffusion as explains below:

.
Jp = Dy ==+ quppE “)

d
Jn= anﬁ + qupnE %)

where the un has described as electron and pp is as hole mobility. The absorption coefficients of
the absorber layer are one of the crucial things in the simulation process. In SCAPS-1D, the
optical absorption coefficient can set up from either a file which is this file we may get from
literature, and it is in the form of a two-column and saved as input ASCII files and when it is were
set from a model, the a(A) equation as expressed by:

a() = (A+:5) JA1-E, (©)

where h is Planck’s constant, E, is the bandgap energy, and A is the wavelength of the incident
light. The absorption Coefficient (o) of CuO material that apply to in the present simulation was
taken from file or literature, which is the a as expressed in the following equation:

o =K 7

Meanwhile, the absorption coefficient value of both materials ZnO and AZO metal oxide
was taken from spectrum files as provided in SCAPS Software.
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3. Results and discussion

3.1. Investigation of the Effects of Thickness and Carrier Concentration Variation of
P-CuO Absorber Metal Oxide on the Device Performances

In this part, the influence of the thickness and carrier concentration variation p-CuO
absorber/n-ZnO Window layer have been inspected with the purpose to obtain the qualitative
information on the device performance. Here, the carrier concentration of p-CuO as the absorber
layer were varied from 1x10" to 5x10"” cm™, meanwhile the thickness was varied from 10 to110
nm. Furthermore, the band gap energy value of the CuO absorber has been kept constant at 1.5 eV
as illustrated in table 1. The result shows that the absorber layer material in solar cell device issue
is the crucial issue and it known as the most significant component of the solar cell structure,
which through this material the incident photons are absorbed, and finally the extra carriers are
generated via this layer. In Fig.2. shows the 2D contour plot displaying the effects of p-CuO layer
thickness and carrier concentration variation on the device performance (V, Js., FF, and 1). We
assume that solar performance is affected by the increasing of Shockley-Read-Hall (SRH)
recombination owing to finite carrier diffusion length caused by increasing the thickness of the
CuO absorber layer. In thin films solar cell, SRH recombination plays a vital role, which is the
SRH recombination rate is as express in the following equation;

U onopven Ne(np=ni?) q
E 50|, [+ e (B2 ®

crn[n+n,- exp(

where, ¢ are capture cross-sections, vy, is described as thermal velocity, Ny and E; are defect
concentration and energy level above the valence band, respectively.
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Fig. 2. The 2D contour plots of Semitransparent Thin-film heterojunction solar cell performance by
varied 10-110 nm thickness of p-CuO layer, which the n-ZnO thickness and doping/carrier
concentration were kept at 200 nm, and 5x10'° respectively, as illumination from bottom cell and
top cell.

These results are following the trend and is consistent with the previous report which
attributed to improving the absorption of the incident light, when the thicker of the absorber layer,
then more collection of photons are absorbed with a big number of electron hole pairs are
generated, and it caused in resulting an increased the photo generated current [28]. It’s clearly
shown that the higher the absorber layer thickness the better solar cells device performance as
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illustrated in Fig.2. Therefore, the CuO absorber layer with a thickness of 110 nm results in the
highest efficiency of 8.714 %. The absorber layer thickness is kept thin to overcome the
fabrication cost issue, and it is well known that CuO is not a fully transparent material to the
visible light spectrum. Hence, it is very important to reduce its thickness to achieve semi-
transparent device photovoltaic cell for practical application purposes.

3.2. The Influence of Thickness and Carrier Concentration Variation of n-ZnO
Window Layer on the Devices Performance

Zinc oxide is the prominent metal oxide that has been applied in thin film solar cells
technology, and it generally was used as a window/buffer layer owing to it have a large bandgap
and high optical properties. As theoretically and practically proven that the performance or the
characteristic of solar cells devices depends on the band alignment at the hetero interface. The
ZnO material with some beneficial properties and of them is it has a large bandgap of 3.3-3.4 eV
which allow more photon absorption in the absorber layer. From Fig.3 2D contour plot, we noticed
that as the ZnO window layer thickness was set in the range of 10-50 nm the then the Jsc values
shows are almost the same for all carrier concentration variation or no significant change of Jsc
value for all doping level variation. We found that while the ZnO thickness was set above 50 nm
and the doping level at lower condition (below 1x10'® cm™) then the jsc values are decreased
depending on the thickness and carrier concentration or the doping level.

According to the illustrated 2D contour plots images in fig. 3. it shows the short circuit
current density (J;.) was increased as the thickness decrease then following by the improvement of
the efficiency of the solar devices as the ZnO window layer carrier concentration or the doping
level was set at the highest level (5)(1018 cm'3). In this case, we assume that the improvement of Jg,
owing to a better collection of the photo-generated electrons, which influenced the efficiency.
Here, the lower thickness is required in conjunction to attain the good efficiency/performance of
solar cell structure. We found that 20 nm thick n-ZnO n-type window layer was chosen as the
optimized thickness corresponding to a cell efficiency value of 8.9116 %. The thin window layer
may help to avoid absorption loss in solar cell devices. Furthermore, the results have shown that
the increase in the doping level/carrier concentration of the ZnO window layer may assist in a
contrast improvement on the performance of cell devices, and the obtained results following the
trend of the previous report. The others result shows that the increase in doping level /carrier
concentration and thickness of ZnO window may be affected to reduce of the V. parameter. In the
case of variant doping in our semitransparent structure device model, that the higher doping
level/carrier concentration of the ZnO window layer is necessary, and in purpose to immune the
window layer thickness variation.
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Fig. 3. The 2D contour plots of Thin-film heterojunction solar cell device performance (Voc, Jsc, FF
and n), by varied 10-300 nm thickness of n-ZnO layer which the n-ZnO thickness and doping/carrier
concentration were kept at 110 nm, and 1x10" respectively, as illumination from bottom cell and top

cell.

Moreover, the overall results show that the thicker thickness and low doping level/ carrier
concentration of the ZnO window layer may reduce the efficiency of the cells. In a certain case,
while the doping level/carrier concentration was set up higher (10'7 - 10" cm™) the efficiency
getting increase constantly for a whole thickness varied with insignificant changes. These
phenomenon results can be explained by relevant theory in term of the free-carrier concentration in
an n-type material/semiconductor as expressed:
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n = N, exp [—(EC — Ef)/kT] )

where, Nc and k are representing an effective density of states in the conduction band and the
Boltzmann constant respectively, meanwhile T for absolute temperature. Unlike the p-CuO layer
case, whih is the thickness CuO absorber layer has varied from 10 to110 nm, for n-ZnO window
layer the varied of thickness higher than it which is in the range 10-300 nm, and experimentally
the physical of 300 nm ZnO still in transparent category owing to the ZnO has high transparency.
Based on our investigation, the thinner of the n-ZnO window layer was contribute to generating
more current as it may increase the performance of solar cell parameters (Voc, Jsc, FF, and 1)
devices, and as the previous research study was reported that the characteristic solar cells
performances depend on the thickness varied of n-ZnO window layer. As observed, 20 nm n-ZnO
window layer was chosen as the optimal thickness corresponding to a cell efficiency value of
8.9116 %, and it consistent with the theoretical and experimental results. Note, to minimize the
series resistance of the PV device, the thickness of the window/buffer layer should be thin as well.

3.3. Investigation the Influence of varied Carrier Concentration of p-CuQO /n-ZnO
Layer on the Device Performance

In this part, the varied doping level/carrier concentration on p-CuO absorber and n-ZnO
window have been carryout continuing the previous section, in purpose to achieve the best doping
for that active layer to support the increasing the performance of semitransparent thin film solar
cell devices. Furthermore, the setting parameter CuO absorber doping level/carrier concentration is
from 1x10'° cm™ to 9x10'® cm™, which the thickness was kept constant at 70 nm. Meanwhile, the
n-ZnO window layer thickness and the doping level are being keep constant at 5x10'” cm™ and 200
nm thick respectively. According to the simulation results calculation, the V. increase rapidly for
all variant exponential value throughout as the doping increased and as show in fig. 4(a), however
for the J,, 1, and the fill factor were an increase in the lower doping level but at a certain point it
those parameters starts decreasing along with the absorber layer (CuO) doping level/carrier
concentration value increased. These simulated results are consistent and in accordance with the
simulation and experimental results from some other group research mentioned an increase in the
doping level/carrier concentration may reduce the minority carrier lifetime, which means by
implying more recombination and thus, reducing the collection of charge carriers at the contacts
[28,37,38]. The optimized doping/carrier concentration for p-CuO absorber layer of 6 x10'® cm™
which corresponds to the obtained the cell efficiency of 8.7209 %.
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Fig.4. (a and b). Thin film heterojunction of p-CuO/n-ZnO Solar cells Device Performance plots
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concentration of n-ZnO and p-CuO layer.

Theoretically, decrease in the reverse saturation current, J,, results in the increase of open
circuit voltage (V) value. This fact can be explained by Shockley equation as express bellow;

V= %In (22 +1) (10)

0

where, T is being defined as the operating temperature, K is for the Boltzmann constant, and q is
the symbol for the elementary charge, while J p, and J o are were described as the photo-generated
current density and the saturation current density respectively. Further, for the saturation current
density (Jo) as described in the following expression:

(11)

]0=Ani2(De + Dh)

LeNga ~ LpNp

Here, n; is the intrinsic carrier concentration; the electrons and holes diffusion coefficient
are being dined as D, and Dy, respectively. For L. and L - are the electrons and holes diffusion
length, respectively, while the N 4 and N p are the acceptor concentration and donor concentration
respectively, and finally A is the diode quality factor.

The varied of doping level ZnO window layer is in the range of 1x10"™ cm™ to 9x10'
cm °, while the thickness kept constant at 20 nm. Meanwhile, for CuO doping level and the
thickness are being kept constant at 6 x10'® cm™ and 110 nm respectively. As Fig.4b. show the
higher doping concentration on the n-ZnO window layer, the better the performance of the device.
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As illustrated in Fig. 4(b) the current results seem opposite than results in fig. 4(a). The results
were described that the higher doping gave the good influence in particular on the
characteristic/parameters (Ji,, Vo, FF, and m) of the cell devices. As overall show that the
performances of the cells have been generated dependent on the doping/carrier concentration
variation of the n-ZnO window layer. In the other hand, it is shows the open circuit voltage (V)
increase as doping decreased and continuing low when the n-ZnO window layer dopin/carrier
concentration increased. We note, to maintain the higher doping for the n-ZnO window layer,
which may assist for low V,. and can contribute the good or better performance for others
parameters (Jsc, FF, and m) as well. Finally, we found that the optimized doping or carrier
concentration of ZnO n-type window layer were chosen at 9 x10'® cm™ which corresponding to a
cell efficiency of 8.9178 %.

100 r T T T 100 T ™7 T T
inati 16 1
90 4 (a). Mlumination from bottom cell —=— 1.0x10 90 (b). Hlumination from top cell 1.0x10
—e—2.0x10"° —e—[2.0x10"°
e 80 ——3.0x10° | 80 ——3.0x10*
< 4.0x10' 3 4.0x10*
S 7% ——5.0x10" = 5 —+—5.0x10**
2 y Fey 6.0x10"
< 6.0x10 [ X
g 1 ——7.0x10° ] S eo ——17.0x10"
§ —— 8'0x10“ =1 - ——|8.0x10"°
& 7 ——o.0x0" ¥ so ! ——19.0x10*
w X w
40 E . .
g Carri trati g 40 Carrier concentration
2 30 arrier concentration 2 variation of CuO
c variation of CuO % 30
© “\
S
g 20 g 20
10
10
0 T T T T T T ° \.
300 400 500 600 700 800 900

) 300 400 500 600 700 800 900

Wavelength (nm) Wavelength (nm)

T T T T 100 : — - — T

904 (c). Nlumination from bottom cell —=—1.0x10"* 90 (d). lllumination from top cell = 1.0x10%

——2.0x10"* *—(2.0x10"
< 801 ——3.0x10" = 80 3.0x10"
X 4.0x10* S Pesee % 4.0x10"
> 70 = > 70 Tere, -
by —+—5.0x10 S "'h“,"h‘h —+—[5.0x10
S 0] 6.0x10" | S e0 - 6.0x10*
S ——7.0x10™® 'S "‘\ P
& 50 —o—8.0x10" & s e 8.0x10"
w 18 w 18
—— 9.0x10 . . —+—9.0x10

€ a0 . . B E 40 Carrier concentration
2 Carrier concentration 2 variation of i-ZnO
% 30 4 variation of i-ZznO s 3
S s "\\
O 204 . g 20 \

10 10 \\

0 T T T T T T 0

300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Fig. 5. (a,b.c and d) Quantum Efficiency of of thin film heterojunction of solar cells Structure by varied
Carrier concentration of p-CuO/n-ZnO layer, as the illumination from bottom cell and top cell

Fig. 5 shows the quantum efficiency of thin film heterojunction of p-CuO/n-
Zn0O/AZO/ITO semitransparent thin films heterojunction solar cells as the p-CuO absorber/n-ZnO
window with the configuration (doping and thickness) as mentioned in the previous section. The
result show that good QE were achieved especially in the range of short wavelength region (300
nm to 510 nm). This result was mainly influenced by ZnO metal oxide which has a large band gap
(3.34 eV) and transparent which caused a good response to the solar shortwave spectrum.
Definitely, the wide band-gap of ZnO films caused more photons to be transmitted into the CuO
absorber film. Hence, more photo-generated carriers were produced in the CuO film, and
consequently the short-circuit current density automatically was improved. Furthermore, there is
no significant change has been found in QE performance while the CuO absorber and ZnO
window layer were varied in different carrier concentration as seen in Fig.5. Based on our
investigation, the performance of solar cell parameters which illumination was set from the bottom
cell has a better performance compared to the cell with illumination from the top cell. Although,
this condition was achieved in a certain case, where the CuO absorber layer was set at a thickness



below 110 nm, we found the percentage of efficiency was increase significantly while the light set
up or the illumination from the bottom side. However, continued research numerically and
experimentally regarding this issue is necessary.

4. Conclusions

In this work, a semitransparent thin film heterojunction solar cells device structure of p-CuO/n-
ZnO/AZO/ITO was numerically modeled using SCAPS-1D software tools. The cell’s performance was
investigated in terms of the different material layer properties, such as the thickness and carrier
concentration or doping level. Our findings reveal that the best value for thickness and doping/carrier
concentration of n-ZnO window layer in our present model structure are 20 nm and 9x10' cm™
correspondingly, which is considering as the optimized parameter and corresponding to cell
efficiency result of 8.9178 %. We believe the optimised p-CuO/n-ZnO thickness and doping
concentration values obtained in this work can reduce or minimize the cost fabrication this metal
oxide TFSC for semi-transparent thin film solar cell applications.
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