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Perovskite solar cells have gained a great deal of interest as it has low cost, suitable
electronic and optical properties, and strong light absorption. Since the replacement of
liquid electrolyte in 2012, there has been a need to optimize the Hole Transport Layer
(HTL) to achieve higher efficiency. Copper Thiocyanate (CuSCN) and Cuprous Oxide
(Cu,0) are inorganic HTLs, which have a bandgap of 3.4eV and 2.17eV respectively are
abundant, non-toxic, and suitable for band matching. Using CuSCN and Cu,O as an
electron blocking layer allows for reducing manufacturing cost and improving solar cell
performance. Inorganic HTLs such as Cul and NiO are proven to have good stability, low
cost, and high mobility. Currently, organic HTLs such as Spiro MeOTAD produce higher
efficiency, however, they have poor thermal stability. This work looks into optimizing the
CuSCN and Cu,0 as an HTL to replace the expensive Spiro MeOTAD, which incurs high
manufacturing costs. Using SCAPS-1D software, an efficiency of 21.5% was achieved by
varying the parameters of the HTL and absorber layer. The results indicate that CuSCN is
a better HTL compared to Cu,0.
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1. Introduction

In 2017, electricity generated from renewable energy has reached up to 25% of global
power. Solar power has been the obvious choice to reduce carbon emission globally and global
warming. The first generation solar using silicon wafers are stable and are 80% of the
commercially produced solar cells in the world. However, the cost of manufacturing and
complexity are not desirable. For the second generation solar cell, thin films solar cells such as
Cadmium Tellurium (CdTe), Copper Indium Gallium Selenide (CiGS), and amorphous silicon (a-
Si) were created. The advantages of thin films are that they cost less and are proven to achieve
higher efficiency than the first generation solar cell [1]. The third-generation solar cells like dye-
sensitized solar cells (DSSCs), polymer solar cells, and perovskite solar cells have been proven to
have low manufacturing cost, less complexity and are capable of reaching higher efficiency [2, 3].

Perovskite solar cells have gained much attention since Kojima et al. were able to achieve
an efficiency of 3.8% in 2009 [4]. In 2012, Graetzel et al. replaced the liquid electrolyte with a
solid hole transport material and achieved a PCE of 9.7% [5]. The replacement of liquid electrolyte
was necessary as liquid electrolyte caused recombination and chemical instability [6]. Snaith and
his team were able to achieve high efficiency of 10.9% using meso-super structured organometal
lead halide perovskite which reduced fundamental losses [7]. In 2013, a further significant
improvement in PCE was achieved by Snaith and his team. Using vapor deposition to deposit a
compact layer of TiO, on the planar perovskite solar cell achieved PCE of 15.4% [8]. Perovskite

“ Corresponding authors: aminul.islam@um.edu.my


mailto:aminul.islam@um.edu.my

370

solar cells, which have a bandgap of 1.5eV are cheap, abundant, and possess a high absorption
coefficient. They also have a high optical extinction coefficient and multiple exciton
(photoinduced electron-hole pairs) generations [9]. The chemical formula for perovskite is ABX3
where A and B are cations and X is an anion. In this work, we use methylammonium-lead-based
perovskite (CH3NH;Pbls) as the absorber layer.

One disadvantage of CH3NH;Pbl; is that it has poor morphology which causes instability
from exposure of moisture, atmospheric oxygen, and heat [10]. To overcome this instability and
leakage current, two important layers are added: Electron Transport Layer (ETL) and Hole
Transport Layer (HTL). ETL is also known as the hole blocking layer, allows the electrons to
move to the electrode (anode). Alternatively, HTL is known as an electron blocking layer, allows
the holes to pass through the back electrode (cathode). The usual materials used for ETL are
Titanium Dioxide (TiO,), Zinc Oxide (ZnO), and Phenyl-C61-butyric acid methyl ester (PCBM).
For HTL, organic and inorganic materials have been tested for suitability. Organic materials such
as spiro-OMeTAD [2,2',7,7'tetrakis(N,N-di-p-methoxyphenyl-amine)9,9’-spirobifluorene], PTAA
[polymer-based poly(triarylamine)] and PEDOT:PSS [poly(3,4-ethyl-needioxythiophene):
poly(styrene-sulfonate)] yields high efficiency but incurs high cost and has also stability issues as
well [11,12]. Inorganic hole transport materials such as Copper lodide (Cul), Copper Oxide (CuQ),
copper thiocyanate (CuSCN) and Nickel Oxide (NiO), etc. have been of great focus for their low
cost and better stability under high temperature and moisture [13].

Comparing and optimizing the two inorganic materials; CuSCN and Cu,O as HTLs are the
key outcomes in this paper. Both CuSCN and Cu,O are abundant, p-type material has high
acceptor density, high mobility, and are suitable for band matching [14-16]. High bandgap
materials are important to capture high energy photons. The Valence Band (VB) of perovskite
should be just a little lower than the VB of HTL, which makes CuSCN and Cu,O suitable
materials [17-21]. On the other hand, the conduction band (CB) of the HTL should be higher than
the CB of perovskite to avoid recombination. The schematic drawing of perovskite solar can be
seen in Fig. 1.
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Fig. 1. Schematic drawing of perovskite solar cell investigated in this study.

2. Materials and methodology

In this work, the optimization of the perovskite solar cell is done using Solar Cell
Capacitance Simulator (SCAPS). SCAPS was invented at the University of Gent, Belgium, and is
used to model polycrystalline semiconductor solar cells [22, 23]. The advantage of using SCAPS
is that multiple semiconductor layers can be designed and interface layers can also be inserted.
SCAPS is a realistic simulation as it takes into account the bandgap, possibilities of recombination,
the energy bands, etc. SCAPS simulation uses the three basic semiconductor equations: the
continuity equations for holes (Eq.1) and electrons (Eq. 2) and the Poisson (Eq.3) [24].
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where G denotes the generation rate, T, and t, denote electron and hole lifetime respectively, u,,
and p,, are the electron and hole mobilities, € is the permittivity, D is the diff usion coefficient, g
denotes the electron charge, ¢ is the electrostatic potential, n(x), p(x), n:(x), p:(x) refers to the
concentration of free electrons, free holes, trapped electrons, and trapped holes, respectively.
N7 (x) and Nj (x) refers to the ionized donor and acceptor concentrations. & denotes the electric
field, and X is the direction along with the thickness.

Perovskite Perovskite

Energy Band (eV)
Energy Band (eV)

Fig. 2. Schematic band diagram of the proposed solar cells, (left) for CUSCN HTL
and (right) for Cu,O HTL.

Table 1. Input parameters for device simulation collected from the reported literature [25, 26].

ITO ZnO Perovskite CuSCN Cu,O
Thickness (nm) 0.2 50 800 40 20
E,(eV) 35 3.3 15 34 2.17
7 (eV) 48 4.45 3.9 2.1 3.2
& 9.0 9.00 10 10 7.110
o (cm?/Vs) 1.0E+1 1.0E+2 1.0E+1 2.0E-4 5.0E+0
Hp (cM?/Vs) 1.0E+1 2.5E+1 1.0E+1 1.0E-2 5.0E+0
CB DOS (cm®) 5.2E+18 2.2E+18 2.2E+18 2.5E+18 2.47E+19
VB DOS (cm™) 1.0E+18 1.8E+19 1.8E+19 1.8E+19 1.11E+19
Na(cm?) 0 1.0E+0 2.0E+13 1.0E+20 8.0E+13
Np(cm™) 1.0E+20 1.0E+18 0 0 0

(where Eq depicts the bandgap, X is the electron affinity, e, is the relative permittivity, g, and p,
denotes mobility for electrons and holes respectively, CB DOS is the conduction band effective
density of states, VB DOS is the valence band effective density of states, No and Np denotes
shallow uniform acceptor density and shallow uniform donor density respectively).

The Indium Tin Oxide (ITO) glass is used as the TCO in this device which acts as an
anode. ITO has good optical transparency and high carrier density, which allows it to have high-
level optical absorption. Zinc Oxide (ZnO) is used as the ETL because the CB of perovskite (-
3.9eV) is higher than the CB of ZnO (-4.0eV) and therefore it allows for electrons to flow easily.
ZnO is a suitable ETL because of its higher electron mobility and lower deposition temperature
[22]. Perovskite used is a hybrid organic and inorganic, lead halide perovskite with a bandgap of



372

1.5eV. The VB of the HTL is important for band matching. Fig. 2 illustrates the construction of
the device band structure and it can be established that VB of CuSCN and Cu,O allows holes to
transfer from perovskite. Gold (Ag) is used as the back electrode. The back-contact work function
is 5.10eV (gold) and the front-contact work function is 4.4eV (ITO). In our simulation, the
operating temperature is varied and the illumination spectrum is global AM1.5. The detailed
parameters are tabulated in Table 1.

3. Results and discussion

Various parameters can accentuate the open-circuit voltage (V,), current density (Jsc), fill
factor (FF), and PCE. In this work, the influence of the thickness of the absorber and HTL, the
effect of substrate temperature, carrier concentration, and defect density were probed to optimize
the performance of the device.

3.1. Influence of the Thickness of the HTLs

The thickness of HTL was varied from 20nm to 50nm. Fig.3 illustrates solar cell
performance versus the thickness of HTL. It can be deduced that the V. of CuSCN is higher than
of Cu,O because the shallow acceptor of CuSCN (10%) is higher compared to Cu,O (10%). The Jsc
for CuSCN was highest at 40nm. For Cu,O the Jsc drops after 40nm because of high resistance.
With the highest Jsc achieved at 40nm, it can also be seen that the highest PCE of 21.05% was
achieved as well. Inferring from the outcome, high PCE is caused by the increase of photons
absorbed in the layer. For Cu,O the increase in thickness decreases the PCE as well as the fill
factor. The FF of CuSCN shows insignificant variation. The highest PCE for Cu,O was obtained at
20nm.
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Fig. 3. Solar Cell Performance versus Thickness of HTLs; (a) Voc,
(b) Jsc, (c) FF and (d) for efficiency.

3.2. Influence of the Thickness of the Perovskite layer

The thickness of the perovskite profoundly influences device performance. The variation
of the thickness layer is altered from 400nm to 800nm. The increase in thickness can be complex
and subjective. Fig. 4 shows the solar cell performance versus the thickness of the perovskite. It
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could be seen that for both CuSCN and Cu,O, the highest current density was achieved at a
thickness of 800nm. The aforementioned simulation results are caused by the large absorption
coefficient of the absorber layer. It can also be seen that the Js¢c, as well as PCE of both Cu,O and
CuSCN, increases as the thickness of the absorber layer increases. Since the absorber thickness is
less than the diffusion length of the carriers, most of the holes can reach the cathode to generate
power, which leads to higher efficiency. In comparison, the FF of CUSCN minutely increases over
higher perovskite thickness and CuSCN always maintained higher PCE than Cu,O.
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Fig. 4. Solar cell performance versus the thickness of the perovskite layer.

3.3. Influence of Defect Density in HTLs

Defect density is undesirable as it affects efficiency and stability. The defect density for
the HTL Cu,O and CuSCN has been varied from 107 till 10™ cm™. The capture cross-section
values used in this work is for electron and hole is 10™ cm™®. Results in Table 2 portray that for
CuSCN, higher defect density leads to lower fill factor and therefore lower PCE values were
achieved. Even though there is a decrease in solar cell performance with increasing defect density,
there was not much significant change in the aforementioned results.  This is because higher
defect density leads to a higher recombination rate which affects the lifetime of carriers [27].
Shockley Read Hall (SRH) recombination is caused by the defect at the gap which reduces the

efficiency. Interestingly, for Cu,O, the PCE and FF remain unchanged and the cause is unknown
to us.

Table 2. Influence of Defect Density for CuSCN and Cu,0.

Defect Dgnsity CuSCN Cu,O
(cm™) Voc(V) | FFE() | PCE®) | Voc(v) | FF(®%) | PCE (%)
10 1.045 63.03 21.30 0.775 54.47 13.88
10" 1.045 63.02 21.29 0.775 54.47 13.88
10" 1.044 61.49 21.05 0.775 54.47 13.88
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3.4. Influence of Temperature

The working temperature in SCAPS for all the above analysis has been set to 300K. To
find out the temperature effect on device performance for these two device structures, the
temperature was varied ranging from 350K to 410K. Certainly, the operating temperature has a
significant effect on the performance of the solar cell that also observed in this study as shown in
Table 3. V¢ is highly impacted by the increase in temperature. The decrease in V. by the increase
in temperature observed in this study is caused by the increase of reverse saturation current [28].
It should be noticed that the increase in reverse saturation current limits the majority charge carrier
to diffuse through the junction. The mobility is thermally activated when the temperature
increases. With higher mobility, there is an increase in the fill factor. This could be caused by the
tunneling of electrons and holes [29].

Table 3. Influence of temperature for CuSCN and Cu,0.

Temperature (K) CuSCN Cu,O
Voc (V) FF(%) | PCE (%) | Voc (V) FF (%) PCE (%)
350 1.044 61.49 21.05 0.777 54.77 13.99
370 1.009 62.09 20.54 0.747 57.39 14.09
390 0.973 62.14 19.82 0.720 59.96 14.19
410 0.937 61.71 18.95 0.693 62.55 14.27

3.5. Influence of Carrier Concentration

To achieve a high current density and fill factor, a high carrier concentration is needed.
Carrier concentration reflects the conductivity of the material. Low bandgap leads to higher
conductivity which is essential in solar cells. The diffusion length increases with the increase of
hole carriers. For CuSCN, the PCE increase drastically from 14% to 21% with the increase of
carrier concentration. The FF also increases with higher carrier concentration. However, the V.
minutely decreases with the increase of concentration for CuSCN but increases for Cu,O. Table 4
denotes the influence of carrier concentration on the optoelectrical properties. The range of carrier
concentration is depended on the shallow acceptor density taken from previous research [26].

Table 4. Influence of Carrier Concentration on Device.

CuSCN Cu,0
Carrier Concentration Voc FF PCE | Carrier Concentration | Voc FF PCE
(cm?) V) (%) | (%) (cm?) M | () | (%)

108 1.044 | 61.49 | 21.05 108 0.78 | 54.47 | 13.88

10" 1.042 | 62.64 | 21.38 10* 0.78 | 54.49 | 13.89

10%° 1.042 | 63.03 | 21.50 10" 0.78 | 54.77 | 13.99

3.6. Best Cell Characteristics

Sunlight emits infrared, visible, and ultraviolet rays. Quantum efficiency is used to
measure the photons absorbed in the solar cell at a specific wavelength. A solar cell usually uses
visible and half of the infrared wavelength. Fig. 5 illustrates the quantum efficiency of the
champion cell for both CuSCN and Cu,O. The photons are absorbed in wavelength of 400nm till
800nm which implies that the visible range and the infrared range are absorbed in the champion
cell. Therefore, it could be elucidated that both Cu,O and CuSCN HTLs are competent materials
that can absorb the necessary wavelengths.
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Fig. 5. (a) J-V curves and (b) Quantum efficiency of the champion solar cell
for CuSCN and Cu,0.

Champion solar cell for CUSCN was achieved with the thickness of HTL of 40nm, the
thickness of Perovskite at 800nm, the carrier concentration of 10%, the defect density of 107 at
working point temperature of 350K. For Cu,0, the highest PCE was achieved at thickness HTL of
20nm, the thickness of Perovskite at 800nm, carrier concentration at 10™°, the defect density of 10°
17 at the working point temperature above 350K. Figure 6 indicates the I-V curve for both CUSCN
and Cu,O champion cells.

4. Conclusion

In our work, the comparison is done between Cu,0O and CuSCN as HTLs to optimize the
perovskite solar cell using SCAPS simulation. To optimize the solar cell using simulation helps
predict the experimental outcomes. Various parameters such as the thickness of absorber, the
thickness of the HTL carrier concentration, defect density, and temperature influence the solar cell
parameters. Highest PCE could be achieved using an absorber thickness of 800nm and an HTL
thickness of 20nm for Cu,O and 50nm for CuSCN. Perovskite thickness of 800nm leads to more
photons absorbed and therefore higher Jsc was achieved.

To optimize the perovskite solar cell, the highest PCE for CuSCN was achieved at 350K
whereas, for Cu,0, the highest PCE was achieved at 410K. The carrier concentration of 10% for
CuSCN and 10" for Cu,O leads to the best solar cell performance. It could be seen that using
Cu,0O as HTL has lower PCE (14%) compared to CuSCN (21%). However, the improvement of
PCE and FF with an increase of temperature up to 410K indicates the assumption of higher
stability compared to CuSCN. Cu,O also had lower V,. which indicates that there were more
recombination losses.
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