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Abstract. Here, numerical study of solid-state dye-sensitized solar cell (SSDSSC) with 
Copper (I) Iodide as a hole transport layer was investigated using SCAPS-1D simulation 
software. The complete simulated device structures in this project are composed of 
FTO/TiO2/N719/CuI/Ni. Several key parameters of HTL such as layer thickness, 
doping concentration, working temperature, and interface defect have been analysed to 
obtain the highest efficiency for SSDSSC as well as the influence of back contact. The 
incorporation with various ETLs such as TiO2, ZnO, and SnO2 were also studied. The 
results show that SSDSSC with back contact yields a better performance due to low HTL 
thickness compared to without back contact. In addition, it can also be proved that TiO2 
as ETL obtained the best efficiency up to 5.6%. Further investigation also found that 
combining optimized CuI and TiO2 parameters with a perovskite layer would increase cell 
efficiency to nearly 30%, higher than previously reported devices. The proposed parameter 
structure may trigger the temptation for the use of CuI as HTL in solar cell application.  
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1. Introduction 
 
In recent years, global energy demand has continued 

to increase dramatically with about 80% to 85% of the 
energy used being produced by fossil fuels. Solar energy 
is one of the candidates that can replace this non -
renewable energy source and at the same time balance 
the energy needs of humans [1, 2]. Solar energy is 
naturally replenished on a human timescale and is always 
readily available [3]. Generally, a solar cell is a device that 
produces electrical energy from the direct conversion of 
sunlight through the photovoltaic effect [4, 5]. Over the 
years, the solar cell has gone through a few revolutions 
resulting in a three-generation of solar cell. The third 
generation of solar cells is a promising emerging new 
technology, expected to meet the needs of human energy 
in the future. This generation aims for better cell 
efficiency at low cost, where simple fabrication 
technology and low production costs. At present, the 
most growing solar cells are Solid-State Dye-Sensitized 
Solar Cell (SSDSSC) [6].  

SSDSSC is a photochemical cell that produces 
electrical energy when dye immobilized becomes excited 
onto an all-solid structure cell. This is an alternative to 
overcoming the former Dye-Sensitized Solar Cell (DSSC) 
which implements liquid electrolyte in its mechanism, 
where it suffers  from leakage and corrosive nature issues 
[7, 8]. Quasi solid-state or solid hole conductors have 
been introduced to address the issue of liquid electrolytes 
[9]. Basically, the SSDSSC is composed of five basic 
structures including front contact, Electron Transport 
Layer (ETL), dye-sensitizer, Hole Transport Layer (HTL), 
and back contact. The parameter for each layer structure 
contribute a massive impact on the performance of 
SSDSSC [10, 11]. 

CuI is a p-type semiconductor material, used in solar 
cells as an HTL. CuI has become an attraction among 
researchers due to its promising features such as small 
resistivity with the order of 10-2 Ω-cm, photosensitivity, 
huge temperature dependency, negative spin-orbit 
splitting, high optical absorption, large bandgap, 
considerable exciton binding and high mobility [12, 13]. 
CuI offers three main properties as a promising HTL: (1) 
facilitate charge transportation with a matching HOMO 
and LUMO level of HTL with HOMO level of dye and 
conduction band of TiO2 [4] (2) high hole mobility [12] 
(3) amorphous, which can be deposit within porous TiO2 
layer [14, 15].  

In addition, CuI is a viable alternative to organic 
HTL due to its increased efficiency and stability over 
other HTL materials [16]. This is principally due to high 
hole conductivity and valence band maximum properties, 
which is well-aligned with the absorbent layer. Previous 
research has shown that replacing organic HTL with CuI 
leads to enhanced efficiency and stability due to reduced 
cell hysteresis, improved charge extraction, and 
prevented charge recombination. Furthermore, as the 
aging period of CuI is extended, the PSC efficiency 

increases due to the reduction of energy loss at the 
HTL/perovskite interface leads to an improve interface 
contact. Moreover, using encapsulated CuI as HTL has 
improved air stability.  

F. Jahantigh et al. (2019) [9] have reported the first 
and only study on numerical simulation analysis of HTL 
materials in SSDSSC. The effects of different organic and 
inorganic materials of Spiro-OMeTAD, PEDOT: PSS, 
CuSCN and CuI on cell performance were investigated. 
As a result, they claimed that inorganic CuI HTL is the 
best by producing Power Conversion Efficiency (PCE) 
as high as 17.72%. This work has been the impetus for 
the use of CuI as HTM in improving the efficiency and 
stability of devices. However, the results obtained rather 
interesting yet questionable. 

S.Prabath et al. simulated and compared the 
efficiency between conventional HTM(Spiro-Ometad) 
and PEDOT:PSS HTM. It claimed that the use of Spiro-
Ometad as HTL has resulted in a higher efficiency of 
12.13% compared to PEDOT: PSS which was merely 
11.89% [17]. Jiasing et al. has fabricated PSCs utilizing 
PEDOT:PSS, which was integrated with Au nanochains 
plasmonic nanostructure as HTL. The highest cell 
efficiency obtained in this work was 19.2%, mainly 
contributed by the enhanced electrical characteristics, 
increased optical absorption and exhibiting a significant 
increase in stability [18]. Emily et al. claimed that the use 
of DMF as a solvent changes the electrical conductivity 
of CuI, which can improve charge extraction in complete 
photovoltaic devices. Besides, it also proved that the 
active layer fabrication process has an effect on the HTL 
profile, where CuI is utilized as a hole transport material 
in p-i-n perovskite solar cells[16]. 

CuI has also been extensively studied as HTL in 
other types of solar cells. Y. Gan et al. (2020) [19] have 
reported PCE of 17.79% by incorporation the CuI HTL 
in Perovskite Solar Cell (PSC). Although it is widely 
known that the PCE for PSC is supposed to be better, 
but the results obtained are almost similar than that in 
previous SSDSSC report [12]. This deficiency is most 
probably due to the band alignment where the valence 
band level of CuI is higher than the absorber layer, 
forming an energy cliff at the perovskite/HTL interface. 
Therefore, this increases the possibility of interface 
recombination and results in a reduction of the current 
generated.  

Organic Solar Cells (OSC) also encounter similar 
problems with HTL materials, where the conventional 
HTL PEDOT: PSS suffers from uncertainty in its 
electron blocking ability and acidic nature state [20]. K. S. 
Nithya et al. (2020) [21] has reported a simulated device 
modelling of a Non-Fullerene Organic Solar Cell (NFA-
OSC) utilizing CuI as HTL, resulting in an optimum 
PCE of 15.68%. Several key parameters: active layer 
thickness, defect density of the active layer and at 
interface layer, HTL and ETL properties were varied to 
obtain the finest cell performance. 
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This work proposed CuI as an alternative HTL of OSC, 
due to increased PCE as well as cell stability. 

Herein, we have extensively studied the effect of CuI 
as HTL material in SSDSSC upon several parameter. Cell 
efficiency as high as 5.6% was obtained with HTL layer 
thickness of 2.2 µm. This layer is thicker than the 
previous simulated report, thus accelerates the 
fabrication process and the cost for cell production 
become more effective.  The effect of the presence of 
back contact on SSDSSC performance and different 
absorbance layer were also studied. Thus, our work 
results show that SSDSSC utilizing CuI as HTL with Ni 
as back contact is promising in cell efficiency 
improvement.  
 

2. Device Simulation 
 
In this work, SSDSSC utilizing CuI as HTL was 

simulated using SCAPS-1D 3.8 version 2020 software 
[22]. The device structure of SSDSSC is composed of 5 
main layers: FTO as front contact, TiO2 as ETL, N719 as 
dye-sensitizer, CuI as HTL, and Ni as back contact as 
shown in Fig. 1. Figure 2 shows the band alignment of 
simulated device structure of SSDSSC. There are a few 
parameters that were analysed to obtain the optimum cell 
efficiency of SSDSSC based on the factor of the presence 
of Ni as a back contact and incorporation of different 
ETL materials. The layer thickness, doping density of 
CuI, device working temperature, back contact, front 
contact, and the interface defect on each layer were 
varied and studied thoroughly. The sunlight is set under 
default illumination of AM1.5G, 100 MW.cm-2 in 
SCAPS-1D simulation. The general SCAPS input and 
fundamental parameters of each component are as 
demonstrated in Table 1. 
 
Table 1. Parameters of the component in device modelling of SSDSSC. 

 

Parameter CuI [9] N719  [9] TiO2 [9] FTO [23] ZnO [23] SnO2 [24] 

Layer thickness, d (μm) Variable 0.2 0.1 0.3 0.1 0.1 
Bandgap energy, Eg (eV) 3.1 2.37 3.2 3.5 3.47 3.6 
Electron affinity (eV) 2.1 3.9 3.9 4 4.3 4 
Dielectric permittivity, ε (relative) 6.5 30 9 9 9 9 
Effective density of conduction band,  
NC (cm-3) 

2.5 х 1019 2.4 х 1020 1 х 1019 9.2 х 1018 2 х 1018 2.2 х 1018 

Effective density of valence band,  
NV (cm-3) 

2.5 х 1019 2.5 х 1020 1 х 1019 1.8 х 1019 1.8 х 1020 1.8 х 1019 

Thermal velocity of electrons, Ve  (cm/s) 1 х 107 1 х 107 1 х 107 1 х 107 1 х 107 1 х 107 
Thermal velocity of  
holes, Vh (cm/s) 

1 х 107 1 х 107 1 х 107 1 х 107 1 х 107 1 х 107 

Electron mobility,  
μe (cm2/VS) 

100 5 20 20 100 100 

Hole mobility,  
μh (cm2/VS) 

43.9 5 10 10 25 25 

Density of donors,  
ND (cm-3) 

NA NA 1 х 1016 1 х 1019 1 х 1019 1 х 1017 

Density of acceptors,  
NA (cm-3) 

1 х 1018 1 х 1017 NA NA NA NA 

Fig. 1. The simulated device structure of SSDSSC. 

Fig. 2. Band alignment (relative to vacuum level) of 
simulated device structure of SSDSSC [38–40] . 
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Fig. 3. The optimum thickness CuI thickness of device 
with and without the presence of Ni as a back contact on 
the efficiency of SSDSSC. 

Fig. 4. The variation of CuI doping acceptor density with 
and without the presence of Ni as a back contact on the 
efficiency of SSDSSC. 

3. Results and Discussion 
 
3.1. The Analysis of CuI Layer Thickness 
 

Thickness in HTL material play a key role in 
producing the PCE. Thicker HTL layer may led to a 
higher chance of recombination to occur due to the 
longer travel distance of charges for the diffusion process. 
This condition in turn causes a decrease in the efficiency 
of the device  [25]. Due to this circumstance, the 
maximum efficiency of SSDSSC is achieved at the 
optimum thickness of CuI and the trend in which the 
efficiency decreases are also determined. 

Figure 3 shows that an increase in the CuI layer 
thickness of less than 2 µm resulted in a drastic increase 
in DSSC efficiency for both devices with and without 
back contact. As the thickness of CuI increases, more 
photons can be absorbed into the cell and hence creating 
more electron-and-hole pairs in a depletion region [25]. 
These will produce an excess of carrier concentration and 
generate higher JSC that leads to the high efficiency of 
SSDSSC. Moreover, at low thicknesses, the possibility of 
incomplete CuI layer formation can occur and cause the 
bonds between atoms to weaken. 

 
 

As a result, SSDSSCs have achieved similar value of 
cell efficiency of 5.6% for both with and without back 
contact devices, but at a different thickness of 2.2 μm 
and 310.1 μm respectively. Since the thickness of HTL 
layer above 100 µm is considered thick, and thus 
increases the cost of the device. The SSDSSC with Ni 
back contact is preferred as a complete solar cell device.   
 
3.2   The Analysis of Doping Density NA 

 
In this work, the doping acceptor density of CuI 

was varied at a range between 1 × 1010 cm-3 to 1 × 

1022 cm-3. Based on Fig. 4, the efficiency of solar cells 
increases along with the increase of doping acceptor 
density of CuI. Such an rises causes the surface and layer 

resistance of HTL to decline, and thus enhanced the 
current flow of the cell. However, doping concentration 
continues to surge to a certain extent, then, due to heavy 
doping, the Moss-Burstein effect occurs. This will 
eventually hamper the performance of solar cells due to 
extra recombination center is created [23, 26]. 

Recombination rate analysis was also performed 
to further investigates the influence of doping acceptor 
density on the performance of SSDSSC. Fig. 5 and Fig. 6 
show that the recombination rate occurred mainly at the 
absorbent layer of N719 dye at a distance between 2.2 
μm to 2.4 μm and 310.1 μm to 310.3 μm for with and 
without back contact devices respectively. Both devices 
show a similar trend that at higher doping densities, the 
recombination rate is lower and thus, results in higher 
SSDSSC efficiency. This is most probably due to fewer 
number of random electrons that are not generating 
current, then will recombine with holes adjacent to the 
front and back contact surface. Hence, fewer holes that 
could be used for current generating are carried away by 
the random electrons [27, 28]. 

Fig. 5. The recombination rate of SSDSSC with back 
contact based on the variation of doping acceptor density. 
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Fig. 7. The variation of working temperature with and 
without the presence of Ni as a back contact on the 
efficiency of SSDSSC. 

 
Fig. 6. The recombination rate of SSDSSC without back 
contact based on the variation of doping acceptor density. 
 
3.2. The Analysis of Working Temperature 

 
With significant temperature differences between 

locations allows solar cell performance analysis to be 
important and relevant. Here, the temperature was varied 
at a range between 280 K to 360 K. Based on Fig. 7, it 
can be observed that as the working temperature increase, 
the efficiency of the solar cell decreases with a 
declination trend of approximately -0.01% per Kelvin for 
both with and without back contact. Compared to 
conventional silicon solar cells where the downward 
trend is in the range between -0.02% to -0.03% per 
Kelvin, shows that this work is stable and can withstand 
in harsh environments, yet its efficiency is less than 10%. 
The decrease in efficiency with temperature in solar cell 
device is mainly due to the high absorption of energy by 
the electrons at high temperatures. The electron are 
excited to move to an unstable state and cause the 
recombination before reaching the conduction band [29, 
30]. 

 
3.3. The Analysis of Different Back Contact 

Materials 
 

 The presence of a back contact has a great 
influence on the performance of SSDSSC. Various types 
of back contacts were employed to analyze the 
performance of SSDSSC utilizing CuI as HTL. Ni and Pt 
achieved the highest efficiency among other back 
contacts of 5.6% as shown in Fig. 8. As the metal work 
function of the back contact increase, the efficiency of 
SSDSSC also increase. At a high metal work function, 
the majority carrier barrier height is decrease due to the 
band bending at the metal-semiconductor interface and 
hence, the contact becomes more ohmic [31]. Although 
both Ni and Pt have the highest efficiency, Ni is 
preferred due to its abundant material and also non-toxic 
substance [32].  
 

 
Fig. 8. The variation of back contact material on the 
efficiency of SSDSSC. 
 
3.4. The Analysis of Defect Density at CuI/N719 

and N719/TiO2 Interface 
 

The effect of defect density at interlayer of 
CuI/N719 and N719/TiO2 were also investigated. It is 
inevitable that the defects exist in the bulk and at 
interface of each layer within the solar cell device. It has a 
huge influence on the performance of the device. The 
defects found in the form of point defects such as 
interstitial, lattice excess or vacancy, Schottky and 
Frenkel defects etc. Apart from that, the higher order 
defects like dislocations and grain boundaries may also be 
present. 

At lower interface defect densities, cell efficiency 
was unaffected, for both the CuI/N719 and N719/TiO2 
interface layers as shown in Fig. 9. However, cell 
efficiency began to decrease dramatically at interface 

defect densities of 1 × 108 cm-2 and 1 × 1014 cm-2 for the 
CuI/N719 and N719/TiO2 interface layers, respectively. 
This is due to the deteriorating quality in the layers and 
the increased recombination rate which causes more 
traps to be present at the interface [23]. These findings 
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Fig. 9 The variation of defect interface 1 and 2 with and 
without the presence of Ni as a back contact on the 
efficiency of SSDSSC. 

Fig. 10. The recombination rate of SSDSSC on the 
variation at interface defect at CuI/N719 (above) and at 
N719/TiO2 (bottom). 

indicate that the CuI/N719 interface is easily affected, 
and a high level of attention must be emphasized with 
strict quality control to ensure that cell performance is 
not disrupted. 

 

Recombination rate analysis was also performed to 
further investigate the influence of defects at CuI/N719 
and N719/TiO2 interfaces. Device was simulated with 
2.2 µm thick CuI layer and incorporated with Ni back 
contact. Figure 10 shows that the rate recombination 
vary at various interface defect densities for both sites. 
The recombination rate is appearing to be dominant at 
the absorbent layer of N719 dye, 2.3 µm from the front 
contact for both interface defect analysis sites. Rate 

recombination were observed to peak up to 2 × 1021 cm-

3.s-1 and 1.5 × 1021 cm-3.s-1 for CuI/N719 and 
N719/TiO2 interfaces respectively. This indicates that 
the former site is more impactful, in line with the analysis 
obtained in Fig. 9. However, the recombination rate 
increased with a decreases of defect density at both 
interface CuI/N719 and interface N719/TiO2 layer. As 
the recombination centers are formed, several photo-
generated carriers are trapped before they can reach the 
solar cell terminal. As a result, the free carrier lifetime is 
reduced and thus interfere the current flow [29]. 
 
3.5. The Analysis of Different ETL Material, 

Absorbent Layer 
 

Both SSDSSC with and without back contact yielded 
a similar PCE of 5.6%, but device with Ni back contact 
is favored as it requires a lower layer thickness of 2.2 µm. 
The thinner layer results in less material consumption 
and thus lowers production costs. Moreover, the back 
contact of Ni is able to reflect back the unabsorbed light 
and maximize the absorption of light into the cell and in 
turn increase the value of PCE [1, 4].  

To further enhance the SSDSSC, several different 
ETL material such as TiO2, ZnO, and SnO2 was also 
analysed. Layer thickness for all ETL material was set at 
0.2 μm. Simulated results show that among all the ETL 
materials in SSDSSC, TiO2 yields the highest cell 
efficiency of 5.6%. Meanwhile, other ETL materials 
showed relatively less promising performance by 
producing cell efficiencies of 5.57% and 5.55% for ZnO 
and SnO2 respectively. In addition, the TiO2 material 
possess promising characteristics; a wider bandgap, 
abundant material, low cost, high stability and are 
amenable to low temperature, attain to be the best option 
for ETL in SSDSS [33–35]. 

In addition, other absorbent materials were also 
studied in the device structure. The conventional dye of 
N719 was replaced with CH3NH3PbI3 and CH3NH3SnI3. 
Table 2 depicted the parameters of the absorbent layer in 
device modeling of SSDSSC. Both materials are classified 
as perovskite and have recently gained attention as vital 
materials in Perovskite Solar Cell (PSC). Absorbent layer 
of CH3NH3SnI3 absorbed more sunlight and thus yielded 
the best cell efficiency as high as 29.84% as shown in Fig. 
11. Meanwhile, CH3NH3PbI3 produced an efficiency of 
24.93% compared than that of N719 dye, with merely 
5.6%. These findings are supported by the quantum 
efficiency analysis. Figure 12 revealed that the absorbent 
layer of CH3NH3SnI3 absorbed wider range of sunlight 
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wavelength, from 300 nm up to 900 nm with maximum 
absorbance quantum percentage. In contrast, the N719 
dye showed poor quantum efficiency performance with 
absorption of sunlight at short range of wavelengths. The 
N719 dye hardly functions as an absorbent at 

wavelengths exceeding 540 nm. Therefore, the 
CH3NH3SnI3 layer is a potential absorbent layer for use 
in the third generation of solar cells due to it is highly 
efficient, Pb-free, and inexpensive [23, 32]. 

Table 2. Parameters of the absorbent layer in device modelling of SSDSSC. 

 

 

 

 
 

 

3.6. The Analysis of Dark and Light Illumination 
 

Solar cell can function under both illumination 
condition, dark and light illuminations. Figure 13 
illustrates the dark current retained at zero current from 
negative voltage to 1.2 V, indicating no leakage current in 
the reverse bias. Hence, the simulated device able to 
operate accurately. Furthermore, the rate recombination 
tends to occur at absorbent layer, 2.35 µm from the front 

contact at higher rate of 7.7 × 1021 cm-3.s-1 compared to 
light condition as shown in Fig. 14. Noted that the light 
illumination is identical Fig. 10(a) and is included here for 
comparison. Figure 14 shows a normal phenomenon that 
occurs in a solar cell where the I-V curve of light 
illuminated is the dark I-V curve that is being shifted by 
the light-generated current. For both cases, the current is 
identical [4, 33]. 
 

 

 

Parameter CH3NH3PbI3 [23] CH3NH3SnI3 [23] 

Layer thickness, d (μm) 1 1 
Bandgap energy, Eg (eV) 1.55 1.3 
Electron affinity (eV) 3.9 4.2 
Dielectric permittivity, ε (relative) 18 10 

Effective density of conduction band, NC (cm-3) 2.2 х 1018 1 х 1018 

Effective density of valence band, NV (cm-3) 1.9 х 1019 1 х 1018 

Thermal velocity of electrons, Ve (cm/s) 1 x 107 1 х 107 
Thermal velocity of holes, Vh (cm/s) 1 х 107 1 х 107 
Electron mobility, μe (cm2/VS) 3 1.6 
Hole mobility, μh (cm2/VS) 17 1.6 
Density of donors, ND (cm-3) NA NA 

Density of acceptors, NA (cm-3) 1 х 1013 3.2 × 1015 

Fig. 11. A J-V curve for the variation of absorbent layer 
for SSDSSC with back contact. 

Fig. 12. The quantum efficiency for the variation of 
absorbent layer for SSDSSC with back contact. 

Fig. 13. A J-V curve of the performance of SSDSSC with 
back contact under dark and light illumination. 
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Fig. 14. A recombination rate of SSDSSC with back 
contact under dark and light illumination. 
 

4. Conclusion 
 
Herein, the optimal key parameters with CuI as HTL 

in SSDSSC have been obtained. The value of PCE is not 
very encouraging but has confirmed that with in -depth 
analysis, cell efficiency can be improved. By replacing the 
N719 dye with CH3NH3SnI3 perovskite material, the 
performance of the device is further elevated. Although 
the back contact seems insignificant, it also plays a major 
role in the structure of solar cells. The selection of TiO2 
as the ETL has been encouraging in maintaining the 
performance of the device. Overall, the cell efficiency of 
the simulated SSDSSC has been effectively increased by 
employing the appropriate back contact, at optimized 
parameters as well as controlling the defect density to a 
certain level. This work thereby provides a clear insight 
to be employed as a parameter guidance in fabricating 
SSDSSC.  
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