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In this work, the effect of some parameters on tin-based perovskite (CHz NH3Snl3) solar cell were studied through device simulation with
respect to adjusting the doping concentration of the perovskite absorption layer, its thickness and the electron affinities of the electron
transport medium and hole transport medium, as well as the defect density of the perovskite absorption layer and hole mobility of hole
transport material (HTM). A device simulator; the one-dimensional Solar Cells Capacitance Simulator (SCAPS-1D) program was used for
simulating the tin-based perovskite solar cells. The current-voltage (J-V) characteristic curve obtained by simulating the device without
optimization shows output cell parameters which include; open circuit voltage (V,.)=0.64V, short circuit current density
(Jsc) = 28.50mA/cm?, fill factor (FF) = 61.10%, and power conversion efficiency (PCE) = 11.30% under AM1.5 simulated sunlight of
100mW/cm? at 300K. After optimization, values of the doping concentration, defect density, electron affinity of electron transport material
and hole transport material were determined to be: 1.0x10%® cm™3, 1.0x10%% cm ™3, 3.7 eV and 2.3 eV respectively. Appreciable values
of solar cell parameters were obtained with J,, of 31.38 mA/cm?, V,. of 0.84 V, FF of 76.94% and PCE of 20.35%, when compared with
the initial device without optimization, it shows improvement of ~1.10 times in Js, ~1.80 times in PCE, ~1.31 times in Voc and ~1.26 time
in FF. The results show that the lead-free CH; NH3;Snl; perovskite solar cell which is environmentally friendly is a potential solar cell with
high theoretical efficiency of 20.35%.
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Recently, perovskite solar cells have taken the renewable energy community by storm and subsequently gained
attention of several world’s researchers due to its high performance and low cost. Perovskite absorber has many
advantages for its applications in photovoltaic devices, including tuned band gap, small exciton energy, excellent bipolar
carrier transport, long electron-hole diffusion, and amazingly high tolerance to defects [1-3]. Owing to this astonishing
properties exhibited by this material, its efficiency has increased from 3.9 % [4] to over 23 % [5,6]. However, there are
some limitations in realizing its outdoor applications, such as instability, electron transport resistance between TiO, and
perovskite absorber, the use of poisonous lead in the absorber etc. The PSCs free from poisonous lead have become the
subject of interest due to its environmental friendliness. Perovskite absorber based on tin (CH; NH;Snl3) have become an
option to perovskite based on lead (CH; NH; PbX3), because of its non-toxic nature, lower band gap of 1.3 eV and a broad
visible absorption spectrum than the CH; NH;PbX5 [7].

Researchers focus mostly on enhancing the PCE of PSCs, while overlooking the danger it poses to the environment.
For PSCs technologies to compete with other photovoltaic systems, the need for a Lead free-perovskite device is worth
considering so as to have devices with high PCE, low cost and carbon free systems. Most researches on PSCs is carried
out using CH3; NH;PbX; material with only few research with other perovskite materials. Most research on PSCs are on
material film growth, film treatment, characterization on the various photoanodes and on the finished devices. However,
the interpretation of the results acquired by experiment has often not been easy. The reason is because good theoretical
models and available data on defect, band offsets, carrier density at grain boundaries, and the interfaces has not been
established. Therefore, good numerical model to establish PV devices is an indispensable tool to better grasp the
underlying mechanism preventing optimum performance of PSCs devices [5]. In this paper, numerical modelling and
simulation of lead free PSCs with inorganic copper iodide as HTM was done with SCAPS. The results show that the lead-
free CH;NH;Snl; perovskite solar cell which is environmentally friendly is a potential solar cell with high theoretical
efficiency of 20.35% when simulated with alternate Cul as hole transport layer.

DEVICE SIMULATION PARAMETERS

The simulation of the perovskite solar cell was based on the n-p configuration which can be simulated using any
thin-film simulator and therefore considered similar to the structure of thin film semiconductor based solar cell as well as
a planar heterojunction.

The planar heterojunction configuration has been adopted for CH; NH3SnlI; based solar cell with layer configuration
of glass substrate/TCO (transparent conducting oxide)/ETM (Ti0,)/absorber layer (CH3;NH;Snl3)/ HTM (Cul)/back
metal contact (Au) as shown in Figure 1 (a) while the energy band diagram is shown in Figure 1 (b).
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Table 1 shows the values of the most useful cell parameters required for the simulation. These values were chosen on
the basis of theoretical considerations, experimental data and existing literature or in some cases, reasonable estimates. Most
of the parameters used for the absorber layer were extracted from the literature [8] while the parameters for interface layer
in the Table 2 was also chosen based on work reported by Farhana et al [8]. The remaining parameters were estimated, the

most important parameters (bandgap (E, ), electron mobility (l,,), hole mobility (,,) etc.) for the simulation were obtained
from review of literature. The work function of the cathode electrode (Au) is 5.1 eV which serves as back metal contact.
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Figure 1. (a) Simulated solar cell structure (SCAPS-1D), (b) Energy band diagram

Table 1. Parameters used for simulation of perovskite solar cell structures using SCAPS-1D.

Parameters TCO ETM (TiO2) Absorber HTM (Cul)
Thickness (i) 0.5[8] 0.05[10] 0.40[5] 0.10
Band gap energy Eg (eV) 3.5[7] 3.20[10] 1.30[8] 2.98[9]
Electron affinity  (eV) 4.0[5] 4.26[9] 4.20[8] 2.10[9]
Relative permittivity e 9 50[8] 10[8] 6.50[9]
Effective conduction band density N¢ (cm ™) 2.0x10'8 1.0x10%! 1.0x10'8 2.8x101
Effective valance band density Nv (cm3) 1.8x10" 2.0x10%° 1.0x10'8 1.0x10"
Electron mobility un (cm? V-1 s71) 20[9] 6.0x1073 1.6 1.69x10
Hole mobility pp (cm? V'1s71) 8 6.0x1073 1.6 1.69x104
Donor concentration ND (cm ™) 2x10%° 5x101° 0 0
Acceptor concentration NA (cm ™) 0 0 3.2x101 1x10'8
Defect density Nt (cm™) 1x10% 1x1013 4.5x101° 1x1013
Table 2: Parameters of interface layer [§8]
Parameters CH:3NH3Snl3 TiO2/CH3NH3Snl; interface | CH3NH3Snls/Cul interface
Defect type Neutral Neutral Neutral
Capture cross section for electrons (cm?) 2x10°13 2x10°13 2x10°13
Capture cross section for holes (cm?) 2x10°13 2x1013 2x10°13
Energetic distribution Gaussian Single Single
Energy level with respect to Ev (eV) 0.500 0.650 0.650
Characteristic energy (eV) 0.1 0.1 0.1
Total density (cm ™) 1x105-1x10"° 1x10'8 1x10'8

The J-V characteristic curve obtained by simulating with the data in Table 1 is shown in Figure 2 with the output
cell parameters V. = 0.64V, J,. = 28.50mA/cm?, FF = 61.10%, and PCE(n)) = 11.30% under AM1.5 simulated sunlight

of 100mW/cm? at 300K.
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Figure 2. J-V curve of PSC with initial parameters

Absorption Layer

The perovskite CH;NH;SnX; (where X = CI, Br, 1)
experiences instability due to atmospheric moisture
content thereby making the Sn?* ion to oxidize into Sn**
analogue with enhanced stability within itself during
doping process and hence acting as a dopant with p-type
nature. In a study demonstrated earlier using CH; NH;Snl;
as absorber, the No was varied between 10™ cm™3 to
10%° cm™3 [10,11]. In our own work, we varied the doping
concentration of the CH;NH;Snl; layer from 103 cm™3
to 10'7 cm™2 and compared their photovoltaic properties.

Table 3 shows photovoltaic parameters with different
doping concentration.
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Table 3. Dependence of solar cell performance on the doping concentration of Absorber layer

Parameters Na(cm™) Jsc (mAcm?) Voc (V) FF PCE (%)
1E+13 27.44 0.54 60.21 8.94
1E+14 27.49 0.54 60.37 9.01
1E+15 27.92 0.57 61.53 9.74
1E+16 27.85 0.72 65.31 13.09
1E+17 25.32 0.75 71.98 13.60
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Figure 3. Variation in solar cell parameters with doping concentration of absorber.

The best performing device was obtained when N was set as 1.0 x 1017 ¢m™3 for the perovskite absorption layer,
it gives photovoltaic parameters of 25.32 mA/cm? for Jsc, 0.74 V for Voc, 71.98 % for FF and13.59% for PCE as depicted
in Figure 3. The result of the champion device shows charge carriers are efficiently transported and collected at the Na
value and that suggests that, for improvement of performance of PSCs, the N4 should be 1.0 x 1017 ¢cm™3.

Our result further shows that decreasing Na beyond 1.0 x 1017 a decrease in PCE was observed. The observed decrease
in PCE with increasing Ny is due to increase in Auger recombination rate [5]. When the optimized result is compared with
the reference device, we observed an enhancement that is ~17.20 % in Voc, 17.81% in FF, and ~20.35% in PCE.

Influence of Electron Affinity of HTH and ETM

The critical factor between TiO,/perovskite/Cul is band offset which can predict the possibility of carrier
recombination at the interface and is the function of V,.. By changing the values of electron affinities of Cul (2.0 eV-
2.8 eV)and TiO, (3.7 eV-4.4 eV), the band offset can be adjusted. Figure 4 shows the combined variations of V., /5., FF
and PCE with electron affinity of HTM and ETM respectively. Figure 4 explain the variation of PCE, Voc, Jsc and FF
with electron affinity of ETM and HTM respectively.

The values 0of 2.3 eV and 3.7 eV gave the best PCEs for Cul and TiO, respectively. Their corresponding photovoltaic
parameters are Voc of 0.63 V, Jsc of 30.79 mAcm?, FF of 68.50% and PCE of 13.32% for the Cul and Voc of 0.82 V,
Jsc 0f 29.06 mAcm2, FF of 64.87% and PCE of 15.51% for the TiO,. Increasing the EA of the ETL above 3.7 eV leads
to decrease in PV performances as shown in Table 4.

When the electron affinity of ETM is higher than 3.7 ¢V, the Jsc and PCE decreases. When the electron affinity of
HTM is lower than 2.3 eV, and above 2.3 eV, the PV parameters both decreases as shown in Table 5.
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Table 4. Dependence of solar cell performance on the EA of the ETL

Parameters EA (eV) Jsc (mAcm??) Voc (V) FF PCE (%)
3.7 30.79 0.63 68.50 13.33
3.8 30.76 0.63 68.51 13.31
3.9 30.68 0.63 68.47 13.27
4.0 30.44 0.63 68.31 13.13
4.1 29.70 0.63 67.45 12.66
4.2 28.78 0.64 64.16 11.80
43 28.33 0.65 59.17 10.81
4.4 27.79 0.57 55.20 8.81
Table 5. Dependence of solar cell performance on the EA of HTL
Parameters EA(eV) Jsc (mAcm?) Voc (V) FF PCE (%)
2.0 28.05 0.55 59.05 9.10
2.1 28.49 0.65 61.09 11.30
2.2 28.82 0.75 62.79 13.54
23 29.06 0.82 64.87 15.51
2.4 29.12 0.84 62.94 15.44
2.5 29.13 0.85 56.06 13.83
2.6 29.07 0.83 47.90 11.62
2.7 29.86 0.76 41.28 9.08
2.8 25.24 0.69 18.40 3.18
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Figure 4. Variation in solar cell parameters with Electron Affinity of HTM and ETM.

It is evident that proper HTM and ETM selection with suitable electron affinity can prevent quenching of carriers
and enhanced the performance of PSCs [12].

Effect of the Absorber Thickness on the Device Parameters
Thickness of absorber layer (L), affects the performance of solar cell. The influence of thickness of absorber with
variation of performance parameters V., J;., FF and PCE is shown in the Figure 5. The graphs in Figure 5 show the
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variation in thickness from (0.4-1.3) um of the absorber against the PV parameters of the PSCs. Figure 5 shows a steady
increase in V,, /5. and PCE from a thickness of 0.5 um, while there is a rapid decline in values below 0.5 pm. There a
steady increase in PCE with thickness also conforming with the work of Hafeez et al. [9]. From Figure 5, it could be
deduced that the optimum thickness of the absorber is 0.7 pum, for after this thickness, a steady increment of the PCE
value.

Table 6. Dependence of solar cell performance on the thickness of the Absorber layer

Parameters Na(cm™) Jsc (mAcem?) Voc (V) FF PCE (%)
0.2 23.40 0.53 65.24 8.14
0.3 26.78 0.58 62.79 9.83
0.4 28.49 0.65 61.09 11.30
0.5 29.41 0.69 62.59 12.69
0.6 29.91 0.71 63.61 13.46
0.7 30.28 0.72 63.93 13.90
0.8 30.59 0.73 63.73 14.16
0.9 30.82 0.73 63.33 14.33
1.0 30.98 0.74 62.84 14.43
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Figure 5. Variation in solar cell parameters with thickness of the absorber.

Influence of Defect Density (N;) of Absorber Layer
For further improvement in performance of PSC, defect density is one of the crucial parameter worth investigating. The
behaviour of PSC is greatly affected by the morphology and quality of absorber layer [13]. When light is irradiated upon



151
Modelling and Simulation of Lead-Free Perovskite Solar Cell Using SCAPS-1D EEJP. 2 (2021)

PSC, photoelectrons are generated in the absorber layer. If the film quality is not good enough, then defect density
increases and quenching losses will become unavoidable in absorber layer which determine the Voc of the solar cell.

Table 7. Dependence of solar cell performance on the defect density of the Absorber layer

Parameters Na(cm™) Jse (mAcem?) Voc (V) FF PCE (%)
1E+14 28.75 0.65 62.73 11.78
1E+15 28.75 0.65 62.69 11.77
1E+16 28.69 0.65 62.31 11.66
1E+17 28.18 0.64 59.47 10.80
1E+18 24.02 0.60 47.70 6.90
1E+19 9.65 0.50 29.12 1.42

The initial value of N, in the absorber is set to be 4.5 x 10%® cm™3 [8]. Based on previous simulated studies the
range of defect density was considered to be 10* cm™3 to 101° cm™3 [7].

Figure 6 depicts the variation of PV parameters with defect density (N;) of absorber layer. The PV parameters of the
PSC is enhanced greatly with decrease in the Nt in perovskite, which shows agreement with similar studies on the lead
perovskite [14]. When defect density is 1.0 x 101® cm™3 the cell PV property is greatly enhanced reaching a Jsc of 28.75
mA/cm?, Voc of 0.65 V, FF of 62.73% and PCE of 11.78%. The result conforms with those of Hui-Jing et al., in 2016 [7].
However, realizing such a low defect density experimentally is very difficult, so an optimized value of 1.0 x 10** cm™3
was set as the defect density making all the values of the PV parameters (Jsc, Voc, FF and PCE) approximately reaching
their maximum with the chosen defect density. Experimental studies, however shows that the tin-based perovskite
demonstrates good charge-transport characteristics [15, 16].
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Figure 6. Variation in solar cell parameters with different values of defect density N,

Influence of Hole Mobility of HTM
Mobility of charge Carrier in a semiconductor is among the crucial parameters in electronic devices. Actually, it
measures the capacity of charge carriers to shuttle in the material as it is exposed to an external electric field. The
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magnitude of the mobility directly impacts on the device performance since it determines the operation speed through the
transit time across the device, the circuit operating frequency. Hole mobility is affected by doping level and doping
concentration of acceptor. Lattice scattering and ionized impurity scattering limit the hole mobility in the material at low

acceptor doping and high acceptor doping respectively.
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Figure 7. Variation in solar cell parameters with increasing hole mobility of HTM.

The effect of hole mobility in the hole transport material (Cul) has been computed on performance parameters. From
Figure 7, (b) and (d) it shows the increase in . and PCE with the increase in hole mobility which signifies the better

charge transport and charge extraction at the HTM/absorber interface.

Table 8. Dependence of solar cell performance on the hole mobility of HTM

10

10°

T T 1

10* 107 10°

Hole Mobility (cm:/V s)

Parameters Na(cm™) Jse(mAcem?) Voc (V) FF PCE (%)
1E-06 10.65 0.65 25.11 1.74
1E-05 27.76 0.65 48.57 8.75
1E-04 28.47 0.65 60.54 11.18
1E-03 28.52 0.65 61.73 11.43
1E-02 28.53 0.65 61.87 11.46
1E-01 25.53 0.65 61.88 11.46
1E+00 28.53 0.65 61.88 11.46

Considering all the varied parameters after simulation, such as Ny, electron affinity, Nt thickness and Hole mobility,
a PCE of 20.35 % with Jsc of 31.38 mAcm?, voltage of 0.84 V, and FF of 76.94 %, which shows an improvement

Performance of Optimized parameters
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of ~ 1.80 times in PCE, ~1.10 times in Jsc, 1.26 times in FF and 1.31 times in Voc over the initial cell. The final optimized
parameters and optimised J-V curve are shown in Table 9(a) and Figure 8 respectively. The result was compared to other
simulated and experimental work published by other researchers and the related data is summarized in Table 9(b). In
Table 9(b), the best experimental PCE is 17.60 % with Cul as HTM. The Voc, FF and Jsc still need to be enhanced to

achieve 20.35 % PCE.
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Table 9(a). Optimized parameters of the simulated device

Optimized parameters TiO,(ETL) CH3;NH3Snlz(absorber) Cul(HTL)
Doping density (cm™) - 1.0 x 1016 -—-
Electron affinity (eV) 3.7 --- 2.3
Defect density (cm) --- 1.0 x 1016 ---
Thickness (um) --- 0.7 ---
Hole mobility (cm?/Vs) - --- 1.0 x 1072

Table 9(b). Photovoltaic parameters of Cul and Tin (Sn) based perovskite solar cells of some reported experimental and simulated
works from literature using SCAPS-1D

. Parameters . . .

Device PCE (%) | FF (%) | Jsc (mAJomd) | Voo (V) Reference | Experiment/Simulation
CH3;NH;S5nl; /Cul 20.35 76.94 31.38 0.84 Current Simulation
CH3;NH3PbI;/Cul 21.32 84.53 25.47 0.99 [9] Simulation
CH3;NH3Snl; /Cu,0 20.23 74.02 32.26 0.85 [8] Simulation

CH3NH3Snl3/S- .

OMETaD 6.40 42 16.80 0.88 [17] Experiment
CH3;NH3Pbl;/Cul 17.60 75 22.78 1.03 [18] Experiment
CH3;NH3Pbl3/Cu,l 7.5 57 16.7 0.78 [19] Experiment

CONCLUSION

Lead-free perovskite solar cells were simulated using SCAPS-1D software. An optimal thickness (0.7um) and
optimal doping concentration (1.0x101® ¢m™3) of the absorber layer were identified, exceeding which will lead to
degradation of solar cell performance. The simulation shows that N, is an crucial factor to measure the PV parameters of
PSCs, and the result is consistent with the researches on CH;NHPbl; perovskite cell. Considering all the factors such as
doping density, electron affinity, defect density and thickness, an encouraging result was obtained, Jsc of 31.38 mA/cm?,
Voc of 0.84 V, FF of 76.94% and PCE of 20.35%.

The final optimized parameters and optimised J-V curve were obtained. Comparison was done with other simulated
results and experimental works published by the other researchers. In the literature, the best efficiency of 17.60% has
been achieved for PSCs with Cul as HTM. Voc of 1.03V reported in the literature is already higher than the value through
this work, while the FF and Jsc still need be increased to achieve 21.32% efficiency.
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MOJEJIOBAHHS TA IMITALISI BE3CBUHIHEBOI'O ITIEPOBCKITHOI'O COHAYHOI'O EJIEMEHTA
3 BUKOPUCTAHHSIM ITPOTI'PAMHU SCAPS-1D
Owmeiiza Aoxyamanik Myxammen?, Eai Janaani®®, Ilirep Tenpi Boayky®, Txamins Tacio®,
Myxamman Canu Axman®, Hyxy Yeman®
“@izuunuil paxyromem, Yunisepcumem baiiep, Kano, Hicepis
bDizuynuii paxyrvmem, Hizepiiicoxa axademis oboponu, Kadyna, Hizepis
“@izuunuil paxynomem, Yuisepcumem wmamy Kaoynu, Kaoyna, Hicepis
Daxynemem mamemamuunux nayk, Yuieepcumem wmamy Kaoyna, Kaoyna, Hizepis
¢@axyromem pizuunux nayx, Yuieepcumem I pingino, Kadyua, Hicepis

VY 1iii po6oTi OyJI0 BUBYECHO BIUIMB JCIKHUX MapaMeTpiB Ha MepoBCKiTHUI coHstuHui eneMeHT (PSC) Ha ocHoBi onoBa (CH3;NH3Snl3)
LIJISIXOM MOJICTIOBAHHS TPHUCTPOIO IIOJ0 PEryJIIOBaHHS KOHIEHTpALil JeryBaHHS IEPOBCKITHOTO IMOIJIMHAIOYOro Iapy, Horo
TOBIIMHH Ta CHOPITHEHOCT] TPAHCIIOPTHOTO CEPEIOBHUINA EISKTPOHIB Ta AiPKOBO-TPAHCIOPTYBAJIBHOTO CEPEIOBHUINA 10 EIEKTPOHY, a
TaKOX IIUIBHOCTI e(EeKTiB MEPOBCKITHOTO MOTJIMHAIOYOTO MIapy Ta PyXJUBOCTI AIPOK B JiPKOBO-TPAHCIOPTYBAILHOMY Matepiaii
(HTM). Mopaenrorounii mpucTpiii: mporpama oJHOMIPHOTO iMiTaTopa eMHOCTi coHsiyHuX eneMeHTiB (SCAPS-1D) Gyna BukopucTaHa
JUISL MOJICJTIOBAHHS NIEPOBCKITHUX COHSYHUX €JIEMEHTIB Ha OCHOBI oJioBa. KpuBa BosbTammepHoi xapakrepuctuku (J-V), orpumana
HUIIXOM MOZEIIOBaHH MPUCTPOIO Oe3 ONTUMIzallii, ToKa3ye BUXiIHI MapaMeTpH €IeMEHTa, sKi BKIIOYal0Th: HAMPYTy PO3IMKHYTOTO
koutypy (V,¢) = 0,64 B, minbHicTs cTpyMy KopoTkoro 3amukanus (J.) = 28,50 MA/cm?, koedinient 3anosuenns (FF) = 61,10% Ta
ebexruBHicTh nepetsopenns noryxkuocti (PCE) = 11,30% npu imitToBanomy AM1,5, constanomy ceitii, = 100 MmBt/cm? mpu 300K.
IMicnst ontumizarii Oys10 BH3HAYSHO, LIO 3HAYCHHS KOHLECHTpALil JIeryBaHHs, IIUTBHOCTI JAe(eKTIiB, CIOPIAHEHOCTI 10 €JICKTPOHIB
MatTepialy Il TPaHCTIOPTYBaHHsS EJEKTPOHIB Ta JipKOBO-TPAaHCHIOPTYBAIbHOTO MaTepialy CTaHOBJIATH: 1.0x10%¢ cm™3,
1.0x10%% cm™3, 3.7 eB Ta 2,3 eB Bignosigno. ITopiBHAHO 3 MOYATKOBHM NPHCTPOEM O€3 ONTHMi3amii, Gy1H OTPMMAHi MOMITHI
3HA4EHHs MAPAMETPIB COHAYHUX eeMenTiB pH Jo. = 31,38 MmA/em?, V. = 0,84 B, FF = 76,94% 1a PCE = 20,35%, 110 J€MOHCTpY€
noninmenHs B ~ 1,10 pasu mis Jsc, ~ 1,80 pasu ans PCE, ~ 1,31 pasu myis Ve, Ta ~ 1,26 pasu mis FF. Pesynpratn mokasyoTs, 010
6e3cBuHIeBUil CH3NH3SNn; IEpOBCKITHUI COHSYHU €1€MEHT, SIKHI € €KOJIOTYHO YUCTHM, € TIOTCHIIIITHUM COHSYHUAM €JIEMEHTOM 3
BHCOKOIO TeopeTH4HOI0 eexTnBHicTIO 20,35%.

KJIIOYOBI CJIOBA: map TpaHCIIOPTYBaHHS €IEKTPOHIB, JIPKOBO-TPAHCIIOPTYBAIBHHN IIap, NEPOBCKITHUN COHSYHUH CJIEMEHT,
¢doroenekrpuunnii, SCAPS-1D, fiomin misi



