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Abstract  

Hole transport material (HTM) is a major component of perovskite solar cells (PSCs).           

PEDOT: PSS, an organic HTM, is widely used in inverted (p-i-n) PSCs. While PEDOT: PSS is 

unstable, expensive and it’s acidic nature could deteriorate the absorber. Copper zinc tin sulphide 

(CZTS), an inorganic semiconductor can be used as HTM due to its properties such as low cost, 

ease of synthesis and high hole mobility. In this work, device simulation of inverted (p-i-n) PSC 

was performed with CZTS as HTM to exploit its maximum capability. Remarkable power 

conversion efficiency (PCE) of 25.43 % was achieved after optimizing the performance. Device 

performance was strongly affected by thickness and electron affinity of HTM as well as diffusion 

length of carriers. PCE of real fabricated device was also found to be 9.72 %. This work 

demonstrates CZTS is a promising candidate to replace PEDOT: PSS from both experimental and 

theoretical perspectives. 

Keywords:  Device simulation, power conversion efficiency, hole transport material, copper zinc 

tin sulphide, perovskite solar cell 
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1. Introduction 

Organometal halide perovskite solar cells (PSCs) have attracted attention of researchers owing to 

their striking characteristics such as solution processability, small binding energy, long diffusion 

length of charge carriers as well as high absorption co-efficient [1–4]. In 2009, MAPbI3 and 

MAPbBr3 were used as absorbers in PSCs and power conversion efficiency (PCE) of 3.61 % and 

3.13 % were achieved respectively [5]. Performance of the PSCs had been optimized by many 

researchers since 2009 and PCE had been  achieved up to 25 % for the last few years [6–8].  

Various structures of PSCs had been developed, including mesoporous PSCs [9], planar 

heterojunction PSCs [10] and perovskite sensitized solar cells [11]. Planar heterojunction is 

composed of simple structure as compared to mesoporous structure which requires high processing 

temperature [12]. There are two kinds of planar structured PSCs, normal structure (n-i-p) and 

inverted structure (p-i-n). The typical architecture of n-i-p PSC is TCO/electron transport material 

(ETM)/ absorber/HTM/metal. Till now, PCE of more than 20 % have been achieved for n-i-p type 

PSCs [13,14]. While p-i-n PSCs typically use organic charge transport layers and possess some 

benefits such as processing at low temperature, less current hysteresis, good stability, high 

throughput and easy for fabrication for industrial application [15–17]. The typical architecture of 

p-i-n PSC is TCO/HTM/ absorber/ETM/metal. The mostly used HTM in p-i-n PSCs is PEDOT: 

PSS owing to high conductivity, better film deposition and high work function [18]. At the same 

time, PEDOT: PSS also has disadvantages such as acidic and hygroscopic nature which causes 

degradation and instability of the device as well as corrosion of substrate [19]. Recently, PCE of 

p-i-n PSCs had been improved from 3.9 % [20] to 18.1 % [21] when PEDOT: PSS was used as 

HTM, but only 27 % of its initial PCE was retained after 14 days [22]. Moreover, dimethyl 

sulfoxide (DMSO), lithium bis(trifluoromethanesulfonic)imide (Li-TFSI) and tert-Butylpyridine 
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(TBP) are employed as dopants to further enhance the conductivity of PEDOT: PSS as HTM. 

While those dopants are more susceptible to humidity which causes additional stability issues of 

PSCs in moisture [21,23,24].  Therefore, it is dire need to replace PEDOT: PSS with stable, cost-

effective, and efficient HTM in p-i-n PSCs. CZTS is a widely studied p-type semiconductor 

material in thin film solar cells with adjustable bandgap, high mobility, good stability and low cost 

[25,26]. Hydrophobic property of CZTS also can protect the absorber from moisture thus 

enhancing the stability of device [27]. In addition to this, transmission spectrum of CZTS and 

absorption spectrum of MAPbI3 are close-matched which provides an opportunity for its 

application in tandem cells [28–30].  Therefore, CZTS is a promising choice for the replacement 

of PEDOT: PSS as HTM in p-i-n PSCs in order to enhance the performance and stability of PSCs.  

understanding of various mechanisms in the device. There are many device simulations programs 

available for theoretical performance investigation of PSCs such as AMPS [31], COMSOL [32], 

SILVACO [33], WxAMPS[34] and SCAPS[35,36]. Amongst these simulation programs, Solar 

Cell Capacitance Simulator (SCAPS) was frequently used because of its advantages like ability to 

simulate PSCs up to seven layers with J-V curve analyses, QE analysis, AC measurements and 

grading of all materials. It also provides the great convenience of batch calculation, scripting, and 

recording of solar cell parameters as function of any semiconductor parameter. But there are also 

certain limitations such as it does not simulate PSCs in time domain and thus transient phenomenon 

cannot be performed. Furthermore, Solar Cell Capacitance Simulator (SCAPS) was used by many 

researchers for the simulation of n-i-p PSCs [6–8] while little work was found in literature in terms 

of device fabrication and performance optimization for p-i-n PSCs with any simulation tool. For 

example, device modelling of n-i-p type PSC was performed with CZTS as HTM in which eleven 

parameters were optimized  to achieve PCE of 22.7 % [37]. Experimentally, it is very difficult to 
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optimize such number of parameters in the same device. In this work, PSC with p-i-n architecture 

is fabricated with CZTS as HTM and PCBM as ETM, with MAPbI3 being used as absorber. Device 

simulation is then carried out to optimize the performance of the device. For this purpose, SCAPS 

is used to study the effect of various physical parameters on the performance of device. Properties 

of both HTM and MAPbI3 were optimized, including doping density (NA), diffusion length, 

thickness and density of states (Nc) of absorber, along with electron affinity (χ), thickness and 

doping density (NA) of HTM. This work provides a guidance for device design and optimization 

of p-i-n PSCs in terms of experimental and theoretical aspects.        

2. Experimental details 

2.1 Materials 

Copper acetate hydrate (Cu(OAc)2·H2O, Sigma Aldrich, 98 %), Tin chloride dihydrate 

(SnCl2·2H2O, Sigma Aldrich, 98 %), Zinc chloride (ZnCl2, Merck, 99.9 %), Thiourea (Sigma 

Aldrich, 99 %), hydroiodic acid (Alfa Aesar, 55-58 wt. %), lead iodide (Arcos Organics, 99 %), 

methylamine (Sigma Aldrich, 40 wt. % in H2O), Zn powder (median 6-9 µm, Alfa Aesar 97.5 %), 

dimethyl sulfoxide (DMSO, Merck, 99.7 %), hydrochloric acid (HCl, Merck, 37 wt. %), Acetone 

(Merck, 99.5 %), isopropanol (Merck, 99 %), Chlorobenzene (C6H5Cl, Merck, 99.8 %),              

Phenyl-C61-butyric acid methyl ester (PCBM, Merck, 99.5 %) were used without further 

purification. 

2.2 Device fabrication 

Zinc powder and HCl were used to etch the fluorine doped tin oxide (FTO) glass. After that, FTO 

was sequentially washed with isopropanol, deionized water and acetone following ultra-sonication 

for 15 minutes and air plasma treatment for 10-15 minutes respectively. Clear CZTS precursor 

solution was prepared by dissolving it into DMSO and then added to a vial containing 4 mM of 
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(Cu(OAc)2·H2O), 2.75 mM of SnCl2·2H2O, 2.80 mM of ZnCl2 and 13.2 mM of thiourea. Spin 

coating was used to deposit compact layer of CZTS on FTO glass by using CZTS precursor 

solution. For thermal annealing of CZTS, the deposited film was immediately put into tube furnace 

and annealed at 550 ºC for 30 minutes with 50 g of Sulfur under Ar protection. The atomic ratio of 

CZTS is Cu: Zn: Sn: S = 20.84: 14.41:11.94: 52.81, for which the ratio of Cu / Zn+Sn=0.79 and 

the ratio of Zn / Sn=1.21. The MAPbI3 perovskite solution (1.0 M) was spin coated in one-step at 

4000 rpm for 30 seconds. 100 μL of C6H5Cl was poured on the spinning substrate for 18 seconds 

prior to the end of the process. Perovskite film was then annealed at 100 ºC for 60 minutes on a 

hotplate. The ETM layer of 20 mg/ml PCBM in chlorobenzene was deposited by spin-coating at 

2000 rpm for 30 seconds. Finally, 120 nm of silver was thermally evaporated on the top of the 

device at deposition rate of 1 Å/s when pressure becomes smaller than 10-6 mbar. Device 

fabrication flow diagram is shown in Fig. 1.  

 

Fig. 1. Device fabrication flow diagram 

Cleaning and 
patterning FTO glass

Spin coating of CZTS 
precursor and 

annealing 

Spin coating of 
perovskite and 

annealing

Spin coating of 
PCBM and annealing

Top electrode 
deposition

Characterization
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Source meter unit (Keithley 2400) was used to measure current-voltage characteristics of device 

under irradiation of 100 mW cm−2 with solar simulator (Model 94021A, Oriel Instruments, USA) 

.3. Device simulation details 

  

 

Fig. 2. (a) Schematic diagram of inverted PSC with CZTS as HTM (b) Structural formula of 

PCBM (c) Band alignment diagram of inverted PSC with CZTS as HTM 

(b) 
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The device simulation of p-i-n type PSC is carried out with the device architecture FTO / CZTS / 

MAPbI3 / PCBM / Ag as shown in Fig. 2a. FTO is used as front electrode. CZTS is applied as  

HTM, MAPbI3 is designated as absorber, PCBM is acted as ETM and Ag is used as back metal 

contact. Structural formula of PCBM is shown in Fig. 2b and Band alignment diagram is shown 

in Fig. 2c. Defect density (Nt) can be used to determine the quality of absorber and to calculate 

diffusion length of electrons (Ln) and holes (Lp) in the absorber. Energetic distribution in absorber 

is single type with characteristic energy of 0.1 eV and defect energy level lies near valence band 

edge. Material properties of each layer as well as defect parameters of interfaces are shown in 

Table 1 and Table 2. Thermal velocities of charge carriers are set to be 107 cms-1. The photo 

reflectance is assumed as zero at interfaces as well as at the surface. 

Table 1  

Defect parameters of interfaces and absorber of p-i-n type PSC with CZTS as HTM 

 

 

 

 

Parameters CH3NH3PbI3 PCBM/CH3NH3PbI3 

interface 

CH3NH3PbI3/CZTS 

interface 

Defect type Neutral Neutral Neutral 

Capture cross section for 

electrons (cm2) 

2× 10-14 1 × 10-19 1 × 10-19 

Capture cross section for 

holes (cm2) 

2 × 10-14 1 × 10-19 1 × 10-19 

Energetic distribution Single Single Single 

Energy level with respect 

to Ev (eV) 

0.1 0.600 0.600 

Characteristic energy (eV) 0.1 0.1 0.1 

Total density (cm-3) 1 × 1013 to       

1 × 1019 

1 × 1010 1 × 1010 
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Table 2  
Device simulation parameters of inverted PSC with CZTS as HTM 

 

 

4. Results and discussion  

 Cross-section SEM image (Fig. 3a) of the prepared device shows the thickness of the whole device 

is around 700 nm. The bottom layer is composed of CZTS layer and the top layer is composed of 

thicker MAPbI3 absorber layer. The PCBM layer is very thin and cannot be seen very clearly 

Between CZTS and MAPbI3 layer, a few pin holes can be seen, which is due to the hydrophobic 

property of CZTS surface. Optimization of UV-O3 treatment time of CZTS could optimize the 

wetting properties of MAPbI3 solution with CZTS surface. From XRD characterization in Fig. 3b, 

it is observed that the characteristic peaks of MAPbI3 appear for the (100), (110), (111), (200), 

Parameters TCO HTM 

(CZTS) 

Absorber 

(CH3NH3PbI3) 

ETM 

(PCBM) 

Thickness (µm) 0.500 0.200 0.250 0.010 

Electron affinity χ (eV) 4 4.1  [38] 3.9 [39] 3.93 [40] 

Band gap energy Eg (eV) 3.5 1.8  [41] 1.50 [42] 2.1 [43]  

Relative permittivity ɛr 9 10  [44] 6.5 [45] 3.5 [46] 

Effective conduction band 

density Nc (cm-3) 

2.0 × 

1018 

1 × 1018  2.2 × 1018  [47] 1.5 × 1019  

Effective valance band density Nv 

(cm-3) 

1.8 × 

1019 

1.3 × 1019  1.8 × 1019  [47] 1.0 × 1018  

Electron mobility µn  

(cm2 V-1s-1) 

20 1 × 102  [48] 10  [49] 1 × 10-3 

 

Hole mobility µp  

(cm2 V-1s-1) 

8 3 × 101  [50] 10 2 × 10-4  

[51] 

Donor concentration ND  

(cm-3) 

2.0 × 

1019 

0 0 4 × 1015  

Acceptor concentration NA (cm-3) 0 1 × 1017  5 × 1016  0 

Defect density Nt (cm-3) 1 × 

1015 

1 × 1017 1 × 1016 1 × 1014 
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(210), (221) and (310) lattice planes, corresponding to the 2θ positions of 13.85, 19.62, 24.10, 

27.89, 31.29, 42.39 and 44.78°, respectively, which corresponds to cubic crystal structure. 

 

J-V curves of the fabricated device are shown in Fig. 3c. The performance parameters such as open 

circuit voltage (Voc) of 1.03 V, fill factor (FF) of 53.24 %, short circuit current density (Jsc) of 

15.63 mA/cm2 and PCE of 9.72 % were obtained after the annealing of CZTS. Theoretical J-V and 

 

 

 

 

Fig.3. (a) SEM cross section of device (b) XRD of absorber (c)  Experimental J-V curves of 

CZTS based inverted PSC 

(a) (b) 

(c) 
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QE curves are drawn with the initial parameters given in Table 1 and Table 2 and are shown in 

curves in Fig. 4. Voc of 1.07 V, FF of 54.85 %, Jsc of 16.88 mA/cm2 and PCE of 9.95 % are 

obtained, showing consistency with the performance of real inverted PSC with CZTS as HTM.  

 

 

Fig. 4. Simulated (a) optimized J-V curves and (b) QE curves of CZTS based inverted PSC 
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Input parameters are validated by the consistent performance of simulated and real device. From 

Fig. 4b, red shifting of optical absorption edge is occurred at 690 nm while traversing entire visible 

spectrum having peak absorbance at 450 nm.   

4.1 Influence of NA of absorber and HTM  

   

  

Fig. 5. Variation in performance parameters of CZTS based inverted PSC with NA 

of (a) absorber (b) CZTS 

Jo
urn

al 
Pre-

pro
of



12 

Absorber layer has significant role in light absorption and charge collection at the electrodes. 

Doping is important process to improve the efficiency of inverted PSCs. For n-type or p-type 

doping in absorber layer, self-doping technique can be used. CH3NH3PbI3 is synthesized from lead 

iodide (PbI2) and methyl ammonium iodide (MAI) and ratio between PbI2 and MAI can control 

the type of intrinsic defect and doping in the absorber. After thermal annealing, excess and deficit 

of PbI2 in absorber layer is n-doped and p-doped respectively. Variation in the performance of 

inverted PSC with different NA of absorber is shown in Fig. 5a. It is observed that PCE maintains 

constant when NA of absorber is less than 1×1017 cm-3 followed by a decrease in PCE after NA is 

higher than 1×1017 cm-3. Jsc also demonstrates the similar behaviour with a turning point at NA of 

1×1016 cm-3. When NA of absorber is small, transport and collection of charge carriers become 

more efficient as indicated from the above results. Therefore, control of NA of the absorber is very 

important to improve the performance of inverted PSCs. It is also noted that Jsc decreases when 

NA is beyond 1×1016 cm-3. The built-in electric field increases with increasing NA which effectively 

influence the performance of inverted PSCs. Auger recombination is the main cause of decrease 

in Jsc with increasing NA of the absorber. When NA of absorber increases beyond 1×1016 cm-3, 

Auger recombination rate also increases which deteriorates the performance of the device. Proper 

choice of NA of absorber increases both the Jsc and Voc, which in turn enhances the PCE. While 

too high NA in the absorber degrades the performance of the device due to high charge 

recombination and high charge scattering. NA of CZTS is also very critical for energy band 

alignment and charge recombination processes at the HTM/perovskite interface of the inverted 

PSC. The doping is mainly responsible for the enhancement of charge density and charge mobility 

in HTM which in turn improves electric conductivity and the performance of the device [52]. 

Immobile acceptor ions are generated by heavy doping level with deep coulomb trap and                  
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small µp [53].   

As shown in Fig 5b, Jsc of the device first stays constant when NA of CZTS is smaller than                         

1 × 1016 cm−3, and then moderately increases to the maximum value with the increase of NA of CZTS 

approaching 1 × 1018 cm−3, followed by a slight decrease       when NA is beyond 1 × 1018 cm−3. 

Furthermore, Voc of the device first increases with the increase of NA of CZTS then shows saturated 

behaviour when NA of CZTS is between 1 × 1016 cm−3 to 1 × 1020 cm−3 as shown in Fig. 5b. FF 

is observed to decrease slowly with the increasing of NA of CZTS up to 1 × 1017 cm−3, then 

increases up to 1 × 1018 cm−3 and stays saturate when NA of CZTS is beyond   1 × 1018 cm−3. 

Similarly, PCE also exhibits the similar trend as FF with increasing NA of CZTS as shown in                                                                                                                                                      

Fig. 5b. Total recombination current sharply decreases when NA increases from 1 × 1015 cm−3 to                 

1 × 1017 cm−3 as exhibited in Fig. 6, which could lead to an increase in Jsc of the device. On another 

aspect, when NA of CZTS increases, the number of ionized acceptor ions and trap states increases 

which could cause a decrease of Isc. The result of the combination of the two effects leads to a 

 

Fig. 6. Variation in total recombination current with NA of CZTS 
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minor increase of Jsc with different NA of CZTS. For the similar reason, Voc of the device increases 

with the increase of NA of CZTS and saturate value of Voc is obtained at 1.04 V as exhibited in      

Fig. 5b. In summary, it is concluded that NA of absorber and HTM has optimized value of                           

1 × 1015 cm−3 and 1 × 1018 cm−3 respectively. The optimal performance with Voc of 1.04 V, FF of 

85.56 %, Jsc of 15.99 mA/cm2 and PCE of 14.27 % is obtained when NA of the absorber is                           

1 × 1015 cm-3. Fig. 4 shows the optimized J-V and QE characteristics in curve (b). 

4.2 Influence of diffusion length, density of states (Nc) and thickness of absorber 

Diffusion length is a crucial parameter which can be expressed in terms of Nt and need to be 

discussed in order to analyse the performance of inverted PSCs. The performance of inverted PSCs 

is significantly affected by the morphology and quality of the absorber layer. If the quality of the 

absorber film is not good, then diffusion length decreases and recombination rate of carriers 

becomes dominant in the absorber layer, which determines the Voc of inverted PSC. Diffusion 

length is the average distance, charge carriers travel before recombination. Shockley-Read-Hall 

(SRH) recombination is the major phenomenon in order to calculate the recombination rate of 

charge carriers [54]. Furthermore, diffusion lengths of electrons and holes (Ln , Lp) are calculated 

by using equations (1) - (3). The initial value of diffusion length in the absorber is set to be            

11.4 µm.  The decrease of diffusion length in absorber leads towards poor performance of the 

inverted PSC.  

Carrier life time is represented by τn,p 

                                                           τn,p =
1

𝛔n,p vth  Nt
                  (1) 

𝛔n,p is capture cross-section of the electrons and holes and vth= 10+7 cm / s is the thermal velocity.  
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Diffusion coefficient (D) is given by  

                                                                     𝐷 =
𝛍kBT

q
       (2) 

μ is the carrier mobility, kB is Boltzmann constant, T is temperature in kelvin and q is magnitude 

of charge. 

Diffusion length (L) is given by  

                                                                           L = √Dτ        (3)                 

          

The J-V and QE curves at different values of diffusion length are shown in Fig. 7. Based on the 

results, 360 µm is chosen as the optimized value of diffusion length of the perovskite absorber. 

Furthermore, carrier diffusion length can be used to analyse the effects of Nt on the performance  

 

 

 

Fig. 7. Simulated (a) J-V curves (b) QE curve of CZTS based inverted PSC with varying diffusion 

length of the absorber 
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of devices dominated by SRH recombination. Diffusion length of absorber strongly affects FF 

being crucial parameter for the performance of PSCs shown in Fig 8a. For diffusion length larger 

than 114 µm, Voc and Jsc saturate to 1.20 V and 18.75 mA/ cm2 respectively. Further, Nc in the 

absorber is also a critical parameter influencing the performance of p-i-n type PSCs. Effect of Nc 

of absorber is studied on the performance of p-i-n type PSC with CZTS as HTM. Fig. 8b shows 

the impact of Nc in the absorber on the performance of the perovskite device when Nc is changed 

from 1 × 1012 cm-3 to 1 × 1020 cm-3. 
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PCE reaches the maximum value when Nc is 1 × 1015 cm-3 and decreases sharply when Nc exceeds 

1 × 1015 cm-3. As number of electrons in absorber layer increases then reverse saturation current 

also increases. Therefore, Voc decreases which leads towards lowering of PCE. Thickness of 

absorber is also an important parameter which has impact on the performance of p-i-n PSCs.                

Fig 8c demonstrates the variation of performance parameters with thickness of absorber. When 

thickness of the absorber is too small then Jsc and PCE are low owing to poor absorption of light 

in thin absorber layer. As thickness of absorber layer increases, Jsc and PCE increases owing to the 

fact that more charge carriers are generated due to higher light absorption in the thick absorber 

layer. The value of Jsc and PCE attains the maximum when thickness of the absorber is between 

500 nm to 600 nm. The performance of the device begins to decrease when the thickness of the 

absorber is above 600 nm due to poor charge carrier collection at respective electrodes due to 

higher recombination rates in much thicker layer of absorber. In previous device modelling of       

n-i-p type PSCs, 600 nm thickness was also used to optimize the PCE of device as much as               

21.32 % [6].  The optimum performance with Voc of 1.27 V, FF of 70.86 %, Jsc of 21.65 mA/cm2 

 

Fig. 8. Variation in performance parameters of CZTS based inverted PSC with  

         (a) diffusion length (b) density of states (Nc) (c) thickness of absorber 
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and PCE of 19.48 % is obtained under diffusion length of 360 µm, Nc of 1 × 1015 cm-3 and 

thickness of 600 nm of absorber layer. The optimized J-V and QE characteristics are shown in 

curve (c) of Fig 4. 

4.3 Influence of χ and thickness of HTM  

Band offset at HTM / absorber interface is significant parameter for the performance of solar cells. 

It affects carrier recombination rate at interface and the resulted Voc of the device. The band offset 

can be modified by varying the values of χ of CZTS from 3.9 eV to 4.4 eV. Influence of different 

χ values of CZTS on the band offset at the  HTM / absorber interface is shown in Fig. 9. Energy 

spikes are formed at the HTM/absorber interface, and the size of the spike increases with the 

increase of χ value of CZTS, which caused by an increased electric field across the interface. 

Diffusion of holes from HTM to absorber is affected by the energy level of holes in HTM, while 

high χ offers hindrance in the hole diffusion process, which leads to the lower charge carrier 

collection and higher charge carrier recombination thus results in poor FF and low device 

performance. Fig. 9b exhibits the variation in the device performance parameters with χ of CZTS. 

The χ value of 3.9 eV - 4.0 eV yields better performance of device. When χ of CZTS is high (more 

than 4.0 eV), PCE and FF decreases appreciably accompanied by Jsc decreases sharply after 4.0 

eV. Furthermore, the thickness of CZTS also has crucial role in the performance of device because 

charge generation, transport, and recombination rate are all affected by the variation in thickness 

of CZTS. 
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         Table 3.  
         Optimized parameters of the inverted PSC with CZTS as HTM 

Optimized parameters Absorber (CH3NH3PbI3) HTM (CZTS) 

Doping density (cm-3) 1 × 1015 1 × 1018 

Electron affinity (eV) - 4 

Diffusion length (µm) 360 - 

Thickness (nm) 600 100 

Density of states (cm-3) 1 × 1015 - 

 

It is shown in Fig. 10a that Jsc decreases sharply when thickness of CZTS increases from 120 nm 

to 500 nm, followed by a slow decrease when the thickness is beyond 500 nm. Voc shows very 

small change with the increasing thickness of CZTS, which is influenced by the resistivity changes 

with the increasing thickness of CZTS. The best FF of 66 % is obtained when thickness of CZTS 

is ~100 nm and poor FF is 45 % is obtained when thickness is 900 nm. PCE of the device exhibits  

 

 

 

Fig. 9. Variation in the energy bands at HTM/absorber interface of inverted PSC with 

different values of χ of CZTS (a) total device (b) close up at HTM/absorber interface 
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the same trend as FF as shown in Fig. 10a. 

 

Optimum performance with Jsc of 19.44 mA/cm2, PCE of 15.42 %, FF of 75.52 % and Voc of      

1.04 V is obtained under the optimized χ of 4.0 eV and CZTS thickness of 100 nm (0.1 µm). The 

optimized J-V and QE characteristics are shown in curve (d) in Fig. 4.  

 

 

Fig. 10. Variation in performance parameters of CZTS based inverted PSC with (a) 

thickness of CZTS (b) χ of CZTS 
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 Table 4 

  Comparison between various nip and pin PSCs with CZTS as HTM 

 

Table 5 

  Device simulation and experimental results of photovoltaic parameters with CZTS based              

   p-i-n PSCs using SCAPS 

 

Table 4 shows the comparison between n-i-p and p-i-n PSCs with CZTS as HTM. It is clear that 

n-i-p PSCs have attained PCE of 12.75 % experimentally while PCE of 22.70 % theoretically. But 

p-i-n PSCs only attained PCE of 6.02 % experimentally while no device simulation was found in 

literature for p-i-n PSCs with CZTS as HTM. In this research work, encouraging results, Voc of 

Nature of work 
Architecture 

of device 

Performance parameters 

Voc (volts) Jsc (mA/cm2) FF (%) PCE (%) 

Experimental  [55]        n-i-p 0.830 18.2 68 10.27 

Experimental  [56]         n-i-p 0.940 7.36 70.01 4.84 

Experimental  [57]         n-i-p 1.06 20.54 58.7 12.75 

Experimental  [58]         p-i-n 0.82 9.70 76.10 6.02 

Theoretical     [37]        n-i-p 1.15 26.45 74.61 22.70 

Theoretical     [59]        n-i-p 1.057 22.76 84.17 20.25 

Parameters 
Our Experimental 

results 

Our device simulation results 
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 PCE (%) 9.72 9.95 14.27 15.42 19.48 25.43 

 FF (%) 53.24 54.85 85.56 75.52 70.86 87.12 

Jsc (mA/cm2) 15.63 16.88 15.99 19.44 21.65 21.89 

Voc (V) 1.03 1.07 1.04 1.05 1.27 1.33 
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1.33 V, FF of 87.12 %, Jsc of 21.89 mA/cm2 and PCE of 25.43 %, are achieved for p-i-n PSC with 

all optimized parameters listed in Table 3. The optimized physical parameters and corresponding 

performance parameters are shown in Table 5 while final optimized J-V and QE characteristics 

are depicted in curve (e) of Fig. 4. The enhanced performance of the device can be accomplished 

by improving both the absorber and CZTS layer's film morphology and crystalline quality. Doping 

of absorber and CZTS by other element could further enhance the interface and performance of 

the device. 

5. Conclusion 

In this work, CZTS has been investigated as HTM in planar p-i-n PSC. Device with the structure 

of FTO/CZTS/perovskite/PCBM/Ag showed PCE of 9.72 % with Jsc of 15.63 mA/cm2, FF of    

53.24 % and Voc of 1.03 V. In order to optimize the device performance, various factors affecting 

the device performance were investigated theoretically to get maximum performance with this 

device structure. These factors include doping density of CZTS and MAPbI3, electron affinity and 

thickness of CZTS, as well as the diffusion length of charge carriers, density of states and thickness 

of the absorber. Based on the simulation results of the device, the optimized device showed PCE 

as high as 25.43 % with Jsc of 21.89 mA/cm2, FF of 87.12 % and Voc of 1.33 V. For CZTS HTM 

layer, the optimized doping density, electron affinity and thickness is 1×1018 cm-3, 4 eV and          

100 nm respectively. For perovskite absorber layer, the optimized parameres including doping 

density of 1×1015 cm-3, diffusion length of 360 µm, density of states of 1×1015 cm-3 and thickness 

of 600 nm. This research highlighted the working mechanism of p-i-n PSCs and analyzed the 

influence of key physical parameters on the performance of device. Furthermore, CZTS is highly 

hydrophobic which prevent moisture to reach the absorber. Therefore, it reduced charge 

recombination at HTM / perovskite interfaces and enhanced the stability of the device. It is 

concluded that use of CZTS as hole transport material is beneficial for stable, efficient and            
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cost-effective p-i-n PSCs. Our work provides important guidelines for designing of high 

performance p-i-n PSCs. 
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