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The effect of layer defects as well as interface defects in copper tin sulphide quantum dot sensitized solar cells were investigated
using SCAPS-1D software. Layer defects in the sensitizer and hole transporting layer were found to have no effect on the cell
efficiency except at very high densities of 10'° cm™. The interface defect at CTS/ETL was also found to have no effect on the cell
efficiency. Defects at the HTL/CTS interface decreased the cell efficiency significantly and so a buffer layer was introduced at this
interface. Both i-ZnO and CdS buffer layer materials were found to have energy levels in alignment with the HTL enhancing charge
transport. The cell efficiency increased from 17.86% to 18.37% with i-ZnO buffer layer while the cell efficiency rose to 18.61%
when CdS was used as the buffer layer. Absorption of the solar spectrum in the blue-green region was enhanced when buffer layers
were used in the cell.
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1. INTRODUCTION

Quantum dot sensitized solar cells are being extensively researched now-a-days due to several characteristic
phenomena in quantum dots such as quantum confinement, multiple electron generation, high absorption coefficient and
cost effectiveness [1-3]. Quantum confinement is a quantum phenomenon in which the bandgap of the material can be
tuned according to its size. This fine tuning of bandgap is possible only if the size of the particle is less than the Bohr
radius of charge carriers, i.e., the average distance between the electron and a hole in an exciton [4-6]. Multiple electron
generation is another quantum phenomenon in which a high energy photon can excite more than one electron. Quantum
dots naturally have high absorption coefficients which make them potential candidates in solar cells [7-9]. Quantum dots
are now being prepared by simple deposition techniques such as colloidal synthesis [10] and successive ionic layer
adsorption and reaction techniques and that too at room temperature [11,12], which can bring down the cost of making a
solar cell. This work is on copper tin sulphide (CTS) quantum dots sensitized solar cells where CTS is a ternary
semiconductor with high absorption coefficient of 10* cm™!. Quantum dots of CTS have been prepared by solvothermal,
hydrothermal and ball milling techniques and cost effective and room temperature techniques too such as colloidal
synthesis and SILAR techniques [13-18].

Quantum dot sensitized solar cells are similar to dye sensitized solar cells where the dye has been replaced by the
sensitizer which are quantum dots. The quantum dots are usually coated onto a porous electron transporting layer (ETL)
and transparent conducting oxides are the electrical contacts for taking the charge carriers out of the solar cell. The hole
transporting layer (HTL) allows the extraction of holes from the sensitizer to the electrical contacts [19, 20].

Similar to the various types of defects present in solar cells leading to charge carrier recombination, QDSSCs also
have various types of defects [21, 22]. There can be defects within the layers of sensitizer, affecting photon absorption,
defects in the HTL, affecting hole transport and also interface defects where the recombination happens between different
layers. Investigation on the effect of various defects in the solar cell is very important for improving the efficiency of the
solar cell. Buffer layers are inserted between the layers where interface recombination is more and the cell efficiency is
enhanced. Commonly used buffer layers are ZnS, ZnO, i-ZnO, CdS and CdSe. Buffer layers are so chosen that their
valence band is in alignment with that of the HTL, facilitating the hole transport [23- 25].

ZnS buffer when used in CTS thin film solar cells, decreased the interface recombination and enhanced the cell
efficiency by 1% compared to the CdS buffer layer [26]. Ag>S quantum dots and also that in bulk were found to be good
buffer layers in CIGS solar cells. It was found that not only the band alignment but also the opto-electrical properties of
the buffer layer affect the efficiency of the solar cell. Higher bandgap and higher carrier concentration buffer layers
improve the power conversion efficiency of the device [27]. Decrease in charge carrier recombination at the CdTe
quantum dots absorber layer and the metal oxide layer were observed when ZnS buffer layer was used and the cell
efficiency was found to improve by 2% [28].

In this work, the effect of layer as well interface defects in CTS QDSSCs are investigated and then a comparison
between i-ZnO and CdS buffer layers have been made. This is a first approach made in the study of the effect of the buffer
layer in CTS QDSSCs.
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2. DESIGN AND SIMULATION
Copper Tin sulphide quantum dot sensitized solar cell having the structure ITO/TiO,/CTS/CuSbS,/Au was simulated
where, ITO is the transparent conducting oxide, TiO is the electron transporting layer, CTS quantum dots of bandgap
2.5 eV is the sensitizer layer, CuSbS; is the hole transporting layer and Au is the metal back contact with a workfunction
of 5.1 eV. The schematic diagram of the solar cell as well as its band structure has been shown in Figures 1 and 2
respectively.
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Figure 2. Band structure for the solar cell
ITO/TiO2/CTS/CuSbS2/Au

Figure 1. Solar cell structure used for simulation

This QDSSC was optimized previously for all the layer parameters and accordingly the layer thicknesses, doping
densities and defect densities were taken. The layer parameters have been tabulated in Table 1.

Table 1. Layer parameters used in simulation of the solar cell structure

Parameters ITO TiO2 CTS CuSbS:
Thickness (um) 0.0 0.3 0.01 1
Bandgap Eg (eV) 3.5 3.26 2.5 1.58
Electron affinity (eV) 4.6 4.2 4.5 4.2
Dielectric constant (&/€o) 8.9 10 10 14.6
Density of state conduction band (cm™) 2.2x10'8 2.0x10" 1x10" 2x10'8
Density of state valence band (cm™) 1.8x10" 6x10"7 1x101° 1x108
Thermal velocity of electron V. (cms™) 1x107 1x107 1x107 1x107
Thermal velocity of holes Vi (cms™!) 1x107 1x107 1x107 1x107
electron mobility pe (cm?/Vs) 10 100 100 49
hole mobility pn (cm?/Vs) 10 250 25 49
Density of donor atom Np (cm™) 1x10?! 1x102° 1x101° 0
Density of acceptor atom Na (cm™) 0 0 0 1x10'8
Defect density (cm™) 0 0 100 1010

Other than these parameters, the rest have been taken from literature [29-31]. Defect densities in the HTL and
sensitizer were taken as amphoteric type with defect density of 10'° cm™, at an energy level of 0.6 €V with respect to the
highest valence band. Interface defect densities are also added at the HTL/CTS and TiO,/CTS interfaces which are neutral
type with defect density of 10'° cm?, at an energy level of 0.6 ¢V with respect to the highest valence band. All the
simulations were performed at 300 K and under standard illumination of AM 1.5G (1 Sun).

The simulations were performed using SCAPS-1D software which was developed by Prof. Marc Burglemann and
his team at Gent University. The software was initially developed for the simulation of CulnGaSe (Copper Indium
Gallium Selenide) and CdTe (Cadmium Telluride) thin film solar cells but it is widely used for simulation of all types of
solar cells including dye sensitized and quantum dot sensitized solar cells. The simulation works by solving the Poisson’s
and continuity equations for electrons and holes [30]. The continuity equations for electrons and holes are as follows:

dfn _ ~

w6 R M
dp _

—2=G-R 2)

Where, Jn and Jp are the current densities of electrons and holes, G is the generation rate and R is recombination rate.
The Poisson’s equation is given by:
da? -
a2 @) = - (p() = () + NF () = Ny () +pe = nel: 3)



260
EEJP. 2 (2025) Maya Mathew

Where x indicates the distance in the solar cell, ¢ is the electrostatic potential, q is the electric charge, &y is the
permittivity of free space, &, is the relative permittivity, p(x) is the concentration of free holes, n(x) is the concentration

of free electrons, N E (x) is the density of donor type charge impurities, N4 (x) is the density of acceptor type charge
impurities, p, is the hole distribution and 11 is the electron distribution.

The simulation is done by first setting the layers of the solar cells using the “Set Problem” button where the layer
parameters are given and then saved. Then “single shot calculation” is done for single simulation and “Calculate batch”
for simulating a range of data. Current- Voltage curve, energy band diagram, graph of current densities, generation-
recombination curves and quantum efficiency curve can be obtained after each simulation. Data on cell parameters such
as the open circuit voltage (Voc), short circuit current density (Jsc), fill factor and efficiency can be obtained [32].

In the current work, an extensive evaluation is made on the defect densities of the sensitizer and hole transporting
layer and their effects on the cell efficiency. Also, the effect of interface defect densities at TiO»/CTS and CTS/HTL
interfaces were also investigated. Cell efficiency was improved with the use of buffer layers of i-ZnO and CdS and the
mechanism in which the cell efficiency is enhanced has also been discussed. The layer parameters of the buffer layers [27]
have been tabulated in Table 2.

Table 2. Layer parameters of the buffer layers used

Buffer layer i-ZnO CdS
Thickness (nm) 1000 1000
Dielectric constant (&/€o) 10 9
Electron mobility pe (cm?/Vs) 50 100
Hole mobility pncm?/Vy) 20 25
Acceptor concentration Na (cm™) 0 0
Donor concentration Np (cm™) 5x10'7 108
Bandgap Eg (eV) 34 24
Electron affinity (eV) 4.55 4.2
Density of state conduction band (cm) 4x10'8 1.8x10"8
Density of state valence band (cm™ 9x10'® 2.4x10"
Electron thermal velocity Ve (cms™) 107 107
Hole thermal velocity Vi (cms™) 107 107

3. RESULTS AND DISCUSSION
3.1. Effect of sensitizer defect density
The sensitizer defect density was varied from 10'°- 10'* cm™ and the variation in efficiency has been tabulated in
Table 3. There is no significant change in the efficiency of the cell except at very high defect density of 10" cm™, at
which the efficiency drops by 0.39%.

Table 3. Variation of efficiency with sensitizer defect density

Sensitizer defect density (cm2) Voc (V) Js¢ (mA/cm?) FF (%) Efficiency (%)
1010 1.034 21.04 82.14 17.86
10! 1.034 21.04 82.14 17.86
1012 1.034 21.04 82.14 17.86
101 1.034 21.04 82.14 17.86
10 1.034 21.04 82.14 17.86
101 1.034 21.04 82.14 17.86
10'° 1.034 21.04 82.14 17.86
10"7 1.034 21.04 82.14 17.86
1018 1.034 21.04 82.14 17.85
10" 1.034 21.02 81.99 17.46

The lower thickness of the sensitizer (10 nm) is one reason for the unchanged efficiency as the diffusion length of
charge carriers is very less, decreasing the chance for recombination. The donor doping density of CTS is taken as
10" cm™, the optimized density, which also overcomes the effect of defect levels in the sensitizer. At very high defect
density, the fill factor is found to decrease which indicates the increase in series resistance in the cell, owing to more
recombinations leading to comparatively lower cell efficiency. The recombination rates of charge carriers in the solar cell
at various defect densities were investigated as shown in Figure 3 and it can be seen that upto defect densities of 10!* cm™2,
the recombination rate in the sensitizer is minimal, of the order of 10'%/cm?’s, generation rate being 10%%/cm’s. At very
high defect densities, the recombination rate in the HTL is found to decrease and that at the sensitizer is found to increase.
Higher defect densities cause recombination in the sensitizer and only a few holes manage to reach the HTL, decreasing
the power conversion efficiency.
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Figure 3. Recombination rates (cms™) of charge carriers at different defect densities of sensitiser

3.2. Effect of HTL defect density

Keeping the defect density of sensitizer at 10'° cm™, the defect density of CuSbS,, the hole transporting layer was
varied from 10'° to 10'° cm™ and the data has been tabulated in Table 4. Here the cell efficiency is found to be independent
of the defect densities except at high values of 107 cm™ and above. High doping density of CuSbS; is the main reason
for the constancy in cell efficiency at low to moderate defect densities. At higher defect densities, Jsc is found to decrease
due to increased recombination. The fill factor is also found to decrease due to increased series cell resistance owing to

recombination of charge carriers and by equation 4, the cell efficiency also decreases.

Voc]scFF

n= Pin “)
Where, Voc is the open circuit voltage, Jsc is the short circuit current density, FF is the fill factor, Pin is the input power

and 7 is the solar cell efficiency.

Table 4. Variation of cell parameters at different HTL defect densities

CuSbS: HTL defect density (cm™) Voc (V) Jsc (mA/cm?) FF (%) Efficiency (%)
10'0 1.034 21.04 82.14 17.86
10! 1.034 21.04 82.14 17.86
10"2 1.034 21.04 82.14 17.86
1013 1.034 21.04 82.14 17.86
104 1.034 21.04 82.14 17.86
101 1.034 20.996 82.20 17.84
10'° 1.035 20.594 81.17 17.30
10Y7 1.045 18.073 74.85 14.13
10'8 0.742 16.091 59.73 7.13
10" 0.205 0.254 25.9 0.01

3.3. Effect of interface defect density at CTS/TiO: interface
The interface defect density at CTS/TiO, interface was varied from 10'° to 10!° cm and the data showing the
variation is tabulated in Table 5. Cell efficiency was found to be independent of the defects at the CTS/TiO> interface.

Table 5. Variation of cell parameters at different interface defect density for CTS/TiOz interface

CTS/TiO: interface defect density (cm?) Voc (V) Js¢ (mA/cm?) FF (%) Efficiency (%)
1010 1.034 21.04 82.14 17.86
10! 1.034 21.04 82.14 17.86
10'2 1.034 21.04 82.14 17.86
1013 1.034 21.04 82.14 17.86
10 1.034 21.04 82.14 17.86
103 1.034 21.04 82.14 17.86
10'° 1.034 21.04 82.14 17.86
107 1.0335 21.006 82.02 17.81
10'8 1.0334 20.814 81.72 17.58
10" 1.033 20.581 81.79 17.39
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Figure 4 shows the band structure of the solar cell at thermodynamic equilibrium and it can be seen that there is a
positive band offset between the electron transporting layer (ETL) and the sensitizer, creating a spike at the interface. The
electron fermi level is seen to be close to the conduction band minimum of the sensitizer due to which there is more band
bending at the interface. This spike formation at the interface acts as a barrier to the free flow of electrons hence reducing
the recombination rate. Lower recombination rates at this interface unaffected the cell efficiency. At very high defect
densities, the recombination rate is comparatively higher, leading to a slight drop in cell efficiency. This phenomenon is
evident from the short circuit current and fill factor values which remain unchanged.

Band Diagram
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Figure 4. Band diagram of the solar cell structure at thermodynamic equilibrium

3.4. Effect of interface defect density at CuSbS2/CTS interface

The defect densities at the CuSbS,/CTS interface were varied from 10'° to 10'* cm™ and Table 6 shows the variation
in cell parameters. The cell efficiency was found to be considerably affected by the defects at this interface. The
recombination rate of charge carriers of the cell at this interface has been plotted in Figure 5. The band offsets for the
solar cell are conducive for the holes formed at the sensitizer to easily diffuse into the HTL. At 10'° and 10! cm defect
densities, there is more recombination in the HTL indicating a greater number of holes reaching the HTL from the
sensitizer which indicates that lesser recombinations are happening at the interface. As the defect density at the interface
increases from 10'? to 10! cm?, the recombination rate in the HTL drastically decreases signifying the drop in number
of holes reaching the HTL which also signifies that more recombinations are taking place in the interface. So, at higher
interface defect density at CuSbS,/CTS interface, more recombinations take place at the interface, decreasing the number
of holes at the electrical contacts causing the cell efficiency to significantly drop.

Table 6. Variation of cell parameters for different interface defect density at CuSbS2/CTS interface

Interface defect density (cm™?) Voc Jse FF Efficiency
10'° 1.034 21.04 82.14 17.86
o1 1.0312 21.043 80.91 17.56
1012 1.0078 21.043 78.34 16.61
1013 0.9458 21.043 77.37 15.40
10 0.8764 21.043 76.75 14.15
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Figure 5. Recombination rate (/cm’s) of charge carriers in the cell at varying defect densities at the CuSbS2/CTS interface
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3.5. Effect of buffer layer i-ZnO on the performance of CTS QDSSC

Owing to the decrease in cell efficiency due to defect densities at the CTS/HTL interface, buffer layer was used to
improve the efficiency. Buffer layer of i-ZnO was inserted between the HTL and CTS sensitizer and simulations were
run with different thickness of the buffer layer inorder to optimize the thickness of the buffer layer. Thickness of the
buffer layer was varied from 100 nm to 1000 nm and their cell parameters were plotted as shown in Figures 6 and 7. With
increasing thickness, all the cell parameters were found to increase and then saturate at 1000 nm and so the optimized
thickness of i-ZnO buffer layer was taken as 1000 nm. Cell efficiency increased from 17.86% to 18.37% when this buffer
layer was used.
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Figure 6. Variation of Voc and Jsc with increasing thickness of
buffer layer

Figure 7. Variation of fill factor and efficiency with increasing
thickness of buffer layer

Figure 8 shows the graph of recombination rates in the solar cell with and without the buffer layer. The
recombination of charge carriers in the HTL increases by one order of magnitude when the buffer layer is used which
indicates that a greater number of holes reach the HTL and there is lesser recombination at the interface. So i-ZnO is a
good buffer layer which reduces the recombination at the HTL/CTS interface. The band structure of the solar cell with
buffer layer has been shown in Figure 9; smooth transition of holes is possible with minimum recombination at the
interfaces due to the favourable band offsets. Band structure at thermodynamic equilibrium has also been shown in
Figure 10. The fermi level of electrons is found to be along the conduction band signifying higher electron density at the
conduction band and higher electrical conductivity, enhancing the cell efficiency.
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Figure 8. Recombination rates of solar cell with and without the
i-ZnO buffer layer

Figure 9. Band structure of the CTS QDSSC with buffer layer
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3.6. Effect of CdS as buffer layer on the performance of CTS QDSSC

Inorder to optimise the material for buffer layer, CdS was also used in CTS QDSSC. Here too the band offsets are
suitable for unhindered flow of holes and the band diagram at thermodynamic equilibrium (Figure 11) shows that the
fermi level of electrons is along the conduction band facilitating electron transport and better electrical conductivity. The
cell efficiency improved to 18.61% when CdS was used as a buffer layer in place of i-ZnO, the cell structure being
ITO/TiO,/CTS/CdS/CuSbS,/Au. Higher fill factor was obtained as shown in Table 7, due to lower series resistance owing
to lower recombination of charge carriers. The recombination rate of the solar cell with CdS buffer has been shown in
Figure 12. The graph follows a gaussian curve indicating more recombination at the middle of the HTL rather than at the
edges. Also, the recombination rate was found to be lower, 10"3(cm™ s!), compared to that when i-ZnO was used.

Generation of charge carriers is higher here owing to increased absorption of the solar spectrum in the high energy blue-
green regime.
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Figure 12. Recombination rate curve of solar cell when CdS is
equilibrium- with CdS buffer

used as buffer

Table 7. Cell Parameters with CdS buffer layer

Buffer layer used

Voc (V)

Jse (mA/cm?)

FF (%)

Efficiency (%)

CdS

1.035

21.485

83.73

18.61

The quantum efficiency curves were plotted in all three cases, without buffer, with i-ZnO buffer and that with CdS
buffer as shown in Figure 13. Absorption in the 350 nm to 500 nm is enhanced when the buffer layers are used. Solar
cells with CdS buffer layer yielded higher quantum efficiency than i-ZnO, thus enhancing the cell efficiency.
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Figure 13. Quantum efficiency curves

CONCLUSIONS
Here simulation of CTS quantum dot sensitized solar cells were performed using SCAPS-1D software and an
investigation was made on the effect of defects. HTL/CTS interface was found to have defects which affected the cell
efficiency considerably and so buffer layers were introduced at this interface. CdS buffer layer was found to be better in
performance compared to i-ZnO yielding cell efficiency of 18.61%.
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BY®EPHI IIAPH i-ZnO 1 CdS IJISI MIABUINEHHSA E@EKTUBHOCTI COHSIYHUX EJIEMEHTIB,
CEHCUBUII3OBAHUX KBAHTOBUMHU TOUKAMMU CYJIb®IAY MIAI TA OJIOBA
Maiis Metb10
Daxynemem ¢izuxu, Kapmen xonedxc, (asmonomnuii), Mana, Tpiccyp, Kepana, Inois

Bruue pedekriB mapy, a Takox nedekriB intepdeiicy B COHSYHUX elleMEHTaX, YyTJIHBUX 0 KBAHTOBUX TOYOK i3 cynbdiny miai Ta
0JIOBa, AOCIIIKYBAIU 3a JONOMOroio nporpamuaoro 3abesneuennss SCAPS-1D. Byno BusiBieHo, mo aedexTn mapy ceHcudinizaropa
Ta apy TPAHCIIOPTYBAHHS [ipPOK HE BILIMBAIOTH HA €(PEKTHBHICT KIIITHHH, 32 BUHATKOM Jy’e BUCOKMX miinbHocteit 10'° cm2. Byno
TaKoXX BHSBIEHO, 10 nedekt intepdeiicy B CTS/ETL He BrmBae Ha edexTuBHicTh KmiTHHKH. Jledektn Ha inTepdeiici HTL/CTS
3HAYHO 3HU3WIN €()EeKTHBHICTH KOMIPKH, TOMY Ha IIboMy iHTep(elici Oymno BBeneHo Oydepuuii map. byino BusBieHo, mo i Marepianu
oydepHoro mapy i-ZnO, i CdS marote piBHI eHeprii, y3romkeni 3 HTL, mo nocumoe TpaHcmopTyBaHHs 3apsiny. EdexTHBHICTH
enemenTa 3pocia 3 17,86% no 18,37% 3 Oydepuum mapom i-ZnO, Tomi sk eeKTHBHICTH enemeHTta 3pocia 10 18,61% mpu
BukopuctranHi CdS sk Oydepnoro mapy. IlornuHaHHS COHSYHOIO CHEKTPY B CHHBO-3€NIeHI 007acTi MOCHIIIOBANOCS IIpH
BHUKOPUCTaHHI B KOMipLi Oy(hepHuX mapis.

KurouoBi cioBa: cencubinizosani keaHmosumu mouxkamu cousauyHi enemenmu, 0ygepnuii wap;, SCAPS-1D; pexombinayis Hociig
3apady, K8AHMo8a epexmusHicms, deghexmu



