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The SILAR method of thin film deposition has attracted the scientific community over the 
years due to its easiness, low cost, availability of room temperature deposition, and more 
over due to the variation in properties of thin films available by varying deposition 
parameters.This work is carried out in a way to comprehensively compare two ZnO thin 
film samples prepared from precursor media with Zinc Acetate (S1) and Zinc Chloride(S2)  
salts deposited by SILAR method in Perovskite Solar cell applications. The XRD, FTIR, 
Raman, FESEM, and UV-Visible analysis were carried out for identifying the structural, 
morphological, and optical quality of these samples. The role of these samples as Electron 
Transport Layer (ETL) in Perovskite Solar cell were identified using General purpose 
PhotoVoltaic Device model (GPVDM) simulation software which is well adapted for 
studying Solar cell architecture. It provided the output Solar cell parameters like  Jsc, Voc, 
FF, PCE, etc and by varying the active layer and Hole Transport Layer (HTL) thicknesses, 
the optimized efficiency of devices with samples S1 and S2 were obtained as 21.88% and 
21.96%.The results showed that SILAR-synthesized ZnO thin films could be potential 
candidates for ETL applications in Perovskite Solar cells.  
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1. Introduction 
 
ZnO in the form of thin films findsa wide variety of applications in optoelectronic devices 

like Solar cells, Field Effect Transistors, transparent windows, sensors, etc owing to its unique 
property that it could be manifested in different nano morphologies like nanorods, nanoflowers, nano 
spherical granules, etc[1 − 5]. The selectionof nano thin film in optoelectronic applications depends 
on its crystalline structure with loosely bounded bonds, high surface-to-volume ratio, high porosity, 
and good electrical properties which all will enhance charge mobility through the thin film[6 − 9]. 
Nano ZnO thin films act as transparent conducting films in most optoelectronic applications, 
ultimately helping in the miniaturization of devices. The synthesis of ZnO films for this applications 
are possible by simple chemical solution methods like Sucsessive Ion Layer Adsorption and 
Reaction (SILAR) [10 − 12] . SILAR is a cost-effective, easily achievable method,which utilizes 
chemical techniques at room temperature for the synthesis of thin films and is suitable over a wide 
variety of substrates.In low-energy device fabrication, the consumer cost could be minimized to a 
considerable amount with this method. Moreover, the tailoring of nano morphology and property of 
thin films could be possible by an appropriate selection of precursors and reaction 
conditions.[13 − 16]. 

Perovskite Solar cells have attracted the attention of the scientific community over the years, 
due to the advantages like flexibility, lightweight, easy processing methods, low cost, and mainly 
due to the high efficiency available compared to other thin film Solar cells[17 − 21]. By increasing 
light absorption in the active layer,  the efficiency of these Solar cells could be improved. Moreover, 
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if maximum photons are converted to electric charges and if those are efficiently extracted to 
electrodes, the performance of the Solar cell could be improved to further extend [22 − 25]. The 
Electron Transport Layer (ETL) and Hole Transport Layer (HTL) are fixed on either side of the 
active layer so that the desired charges without recombination only reach to cathode and anode 
respectively. Transparent conducting oxides (TCO), which are optically transparent and electrically 
conductive are preferred as ETL in Solar cells. N-type semiconducting materials like Zinc oxide 
(ZnO) are ideal for this purpose in providing a low resistive path for electrons to the cathode and 
also in blocking the holes [26 − 30]. ZnO thin films are having advantages like high transparency 
in the visible range with optical band gap around 3.37eV , the excitonic binding energy of 60meV 
with good electron mobility, availability of simple deposition methods, and also chemically non-
toxic nature[31 − 33]. The theoretical prediction of its performance in Solar cells is possible with 
simulation software like General Purpose PhotoVoltaic Device Model (GPVDM) [34 − 35]. For 
both electrons and holes, GPVDM resolves the continuity, drift-diffusion, and Poisson's equations. 
The finite difference method is used to solve the drift-diffusion equations in coordinate space for 
identifying the charge flow inside the device. 

The present work has been carried out in studying the comparative analysis of ZnO 
nanostructured thin films synthesized by the SILAR method from two different precursor media for 
Perovskite Solar cell applications. Both experimental and numerical methodologies have been made 
used in this study.  From Zinc Acetate and Zinc Chloride salts, precursor solutions were prepared, 
and using the SILAR method, ZnO thin films were deposited on glass substrates.After completing 
their structural, morphological, and optical investigations, parameters are extracted for the 
simulation of Perovskite Solar cells using GPVDM. From the numerically fabricated Solar cell, 
parameters like Jsc, Voc, FF, PCE, etc are identified by obtaining current density-voltage(J-V) 
measurement.Fabrication of ZnO-basedPerovskite Solar cells is important for economical viability, 
better performance, and stability enhancement, as it will drastically trim the cost of production and 
also will increase efficiency. The objective of the current work is to compare ZnO thin films obtained 
from two different precursor media in fabricating stable, cost-effective, and highly efficient 
Perovskite Solar cell devices. 

  
 
2. Experimental 
 
2.1. Deposition of thin films 
Thin films were synthesized by the SILAR method using automated temperature-controlled 

SILAR equipment. Here two different precursors of 0.1M concentration were utilized as cationic 
solutions with Zinc Acetate and Zinc Chloride. The corresponding anionic solution was deionized 
water. Two different cationic solutions were prepared by mixing the respective Zinc salt with 
distilled water. The PH of the obtained precursors was maintained at 9 by adding ammonia buffer 
solution. The distilled water is kept  as anioanic solution, maintained  at 800C, which is the optimum 
condition for the reaction to take place in SILAR. The cationic chemicals and Ammonia buffer 
solution were provided by Merk India(Pvt.ltd). 

Deposition of ZnO thin films was carried out on corning glass substrates. Initially, the 
substrates were immersed in dilute HNO3 and were cleaned many times with running water and 
distilled water. Thus obtained substrates were further cleansed with acetone before the coating 
procedure. Prepared substrates underwent 50 SILAR dip cycles alternately in cationic and anionic 
solutions. After deposition, samples were dried in air and then annealed at 4500C for 1 hour. Thus 
obtained ZnO thin film samples from Zinc acetate and Zinc chloride precursors were labeled as 
samples S1 and sample S2 respectively[36 − 37]. The Scematic idea of ZnO film deposition is 
presented in Figure 1.  

 
2.2. Characterization 
X-ray diffraction spectra of the prepared samples were recorded using an X-ray 

diffractometer(Bruker AXS D8 Advance) with kα  wave length 1.54056A0. Scanning Electron 
Microscopy (JEOL Model JSM - 6390LV) was employed in analyzing the surface morphology of 
the samples. Electrical conductivity measurements were carried out by four probe method using 
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Keithley 2400 source meter. Optical transmittance data of the samples were examined using a UV-
Visible spectrometer (OCEAN-HDX-XR). FTIR data were recorded to study the molecular 
vibration. Raman analysis of the ZnO thin film samples was carried out in a confocal Raman 
microscope ( Alpha 300RA, WITec). 

 
 

 
 

Fig. 1. Schematic representation of ZnO film deposition process. 
 
 
3. Result and discussion 
 
3.1. Structural analysis  
The XRD diffractions at different angles for samples S1 and S2 are represented in Fig 2. 

For both samples, mainly (100),(002), and (101) peaks were identified.  These peaks were identified 
by comparing the 2θ value with standard JCPDS data[38]. For samples S1 and S2, these were found 
to exist at 31.770, 34. 470, 36.2680 and 31.7930, 34.4520, 36.2430 respectively. Both the samples are 
observed to be crystalline in nature, where in sample S1 the intensities of the peaks were comparable 
to one another indicating homogenous growth in all directions with the formation of small-size 
crystallites leading to polycrystalline thin film due to the precursor medium. In sample S2 maximum 
intensity was observed for (100) peak giving an inference of film growth spread along a surface 
substrate[39]. 

 

 
 

Fig. 2. XRD spectra of ZnO thin film samples S1 and S2. 
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From the obtained θ values and FWHM (β) values crystallite size along the maximum 
intensity plane was calculated using Scherrer’s formula,  

 
                               D= 0.9𝜆𝜆

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽ϴ𝛽𝛽
                                                                            (1) 

 
 

where λ was the wavelength of the X-ray, β is the FWHM value, and 𝜃𝜃𝛽𝛽is the diffraction angle. As 
predicted from the intensities of peaks the small value of crystallite size was obtained for samples 
S1 and S2. Calculated values are shown in Table 1. 

 
 

Table 1. 2ϴ, FWHM and Crystallite size of samples S1 and S2. 
 

Sample  2ϴ FWHM (β0) Crystallite 
size D (nm) 

S1 34. 470 0.365 22.789 
S2 31.793 0.360 22.945 

 
 
From Bragg’s law, lattice constants ‘a’ and ‘c’ for the ZnO wurtzite structure can be 

calculated using  
 

                          a= 𝜆𝜆
√3𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

  and  c= a= 𝜆𝜆
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

                                                            (2) 
 
From obtained ‘a’, ‘c’ values volume of the cell could be determined as  
 

                                     V= 0.866×a2× c.                                                                   (3) 
 
In cells, Zn-O bond lengths were identified as,    
 

                                 L = ��𝑎𝑎
2

3
+ (1

2
− 𝑢𝑢)2𝑐𝑐2�                                                                 (4) 

 
where positional parameter,   
 

                                            u = 𝑎𝑎2

3𝑐𝑐2
 + 0.25                                                                      (5) 

 
which is a measure of Oxygen ion displacement. Thus, obtained values are given in Table 2, out of 
which ‘a’ and ‘c’ values confirm the hexagonal wurtzite structure of ZnO samples. The theoretical 
value of c/a and ‘u’ were 1.633 and 0.375 for ZnO.  

 
 

Table 2. Lattice parameters, atomic packing factor, cell volume, positional parameter, and bond length of 
samples S1 and S2. 

 
Sample  Lattice parameters (A0) 

           a                            c 
Atomic 
packing 

factor (c/a) 

Volume V 
(A0)3 

Positional 
parameter 

u 

Bond 
length 

L(Zn-O) 
(A0) 

S1 3.2446 5.1996 1.6025 47.4034 0.3797 1.9747 
S2 3.2433 5.202 1.6039 47.3873 0.3795 1.9745 
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The measure of defects inside a crystal could be identified with a quantity called dislocation 
density δ which is identified as δ = 1

𝐷𝐷2
. The intrinsic strain during the clustering of crystal gives the 

parameter micro strain Ԑ.  The specific surface area of the films could be calculated as A= 6
𝐷𝐷×ρ

, 
where D is the average particle size(nm), ρ is the density of ZnO (5.606g/cm3). All these calculated 
parameters were given in Table 3.  Sample with fewer defects and Micro strain and with a more 
specific surface area is preferable mainly for optoelectronic and sensor applications. Stress is 
calculated using the formula 

 
                                    σ = -453.6×109�𝛽𝛽−𝛽𝛽0

𝛽𝛽0
�                                                                      (6) 

 
where C is the lattice parameter of the sample and C0 is strain free lattice constant of ZnO and it is 
5.2066A0. The obtained values are given in Table 3. 

 
 

Table 3. Dislocation density, strain, specific surface area, and residual stress of samples S1 and S2. 
 

 
Sample 

Dislocation 
density δ×10-

3(A0)-2×10-5 

 
Strain Ԑ (rad) 

×10-3 

Specific surface 
area 

A×104m2/kg 

Residual stress 
σ×109 (N/m2) 

S1 1.9254 5.133 4.3758 0.6098 
S2 1.8993 5.515 4.6646 0.4007 
 
 
Out of the calculations, it is observable that sample S2 is available with fewer dislocations, 

more specific surface area, and less residual stress. 
 
3.2. Surface analysis  
The difference in precursor medium leads to a difference in the morphology of ZnO thin 

film samples as shown in the FESEM images of samples S1 and S2 in Fig 3. Both films were 
observable without cracks or other defects with high-quality nanorod formation. The majority of the 
nano-rods in sample S1 had their nuclei on one another in contrast to the development from the 
substrate. The lengths and forms of the nanorods in sample S1 are erratic and non-uniform. These 
formations may be due to different conditions like the PH of chemicals, the charge distribution in 
the medium, etc[40]. The large nano particle causes a decrease in interfacial area and hence less 
tensile strength.  This may lead to deterioration in the performance of the sample.  

Nanoparticle growth on sample S2 was identified to be highly oriented without stacking or 
dislocation defects in the sample and the vertical alignment and grain boundary perfection are 
exceptional. Clusters of particles indicating their growth from spontaneous nucleation. The 
existences of the individual road-like particle’s growth inside clusters are visible in close observation 
of the image. Intimation of flower-like micro-clustered morphology was observed to be spread over 
the surface of S2. Generally, these types of morphology contribute to improved charge transportation 
in films [41]and hence are observed to be a selectable material for engineering applications. 
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Fig. 3. FESEM images of ZnO thin film samples S1 and S2. 
 
 
3.3. Electrical analysis 
The Four-point probe method is used to analyze the electrical properties of manufactured 

ZnO thin films to determine how they may affect optoelectronic devices. Voltage (V) is measured 
across the inner probes for the ZnO thin film with thickness ‘t’  by injecting current (I) through the 
outer probes. 

The electrical resistivity (ρ) was determined by measuring the probes' consistent spacing 
(s).[42] 

 
                              ρ = 4.532(𝑉𝑉

𝐼𝐼
)t = Rst                                                                    (7) 

 
where ‘Rs’ is the sheet resistance. The measured values of resistivity of samples S1 and S2 are 
reported in Table 4. 

 
Table 4. Sheet resistance of samples S1 and S2. 

 
Sample Sheet resistance Rs×106 

(Ω/□) 
S1 49.99 
S2 49.83 

 
 
3.4. Optical analysis 
The electronic transition of the prepared samples S1 and S2 were analyzed with optical 

absorption spectra.  Over the visible range, the transmittance of sample S2 was found to be more 
than that of S1 from Fig 4(a). This may be due to the higher removal of the Zn(OH)2 phase during 
annealing which might have led to the structural homogeneity of sample S2[43]. The better 
transmittance observed for sample S2 may be due to large grain size and higher crystalline size 
which were evident respectively from SEM and XRD images. Fig 4(b) shows the absorbance of the 
samples, from which it could be identified that both samples show low absorbance over the visible 
range which is a general ZnO characteristic[44]. Almost over this range, the absorbance of sample 
S1 was found to be more than that of S2. Peaks were visible in samples S1 and S2 respectively at 
367.21nm and 369.45nm, which may be characteristic ZnO band gap for pure ZnO samples. 
Comparing it with a bulk ZnO value of 373nm, peaks in samples were observed to be blue shifted 
indicating strain effect, whereas the slight red shift observable in the peak of the sample was 
evidence of an increase in its particle size[45]. 
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(a)                                                                           (b) 

 
Fig. 4. Optical spectra of ZnO thin film samples S1 and S2(a) Transmittance, (b) Absorbance. 

 
 

 
(a)                                                                             (b) 

 
Fig. 5. (a) Extinction coefficient Vs Wavelength and (b) Tauc plot for samples S1 and S2. 

 
 
The extinction coefficient (k) variation with wavelength was represented in Fig 5(a) from 

which reduced values of ‘k’ for the curve of sample S2 were found. Another way this could be 
considered as a measure of defects is since the density of structural defects is proportional to the 
lack of crystallinity of the sample[46]. For an improved crystallinity of the sample, defects will be 
reduced resulting in low optical absorption. Hence extinction coefficient variation underlines the 
better crystallinity and presence of lesser defects in sample S2[47].     

Optical band gap energy ‘Eg’ and absorption coefficient ‘α’ are related as (αhν)n = K( hν- 
Eg), where ‘hν’ is incident photon energy, K is energy dependent constant, and n = 2for direct band 
gap material. The plot of (αhν)2 Vs photon energy of the samples with the linear fit about the 
absorption edges shows the quality of samples synthesized, which were shown in Fig 5(b). Over a 
wide range of photons, energy variations were observed to be linear indicating a direct transition.  A 
red shift of absorption edges was observed from sample S1 to sample S2. The shift was observed 
from 3.052 eV to 3.365eV. The lower value of the absorption edge observed for sample S1 may be 
attributed to the presence of defects in the sample[48]. 
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Fig. 6. (a) FTIR spectra and (b) Raman spectra of samples S1 and S2. 

 
 
The vibrational properties of the prepared samples were investigated with FTIR 

spectroscopy and presented in Fig 6(a). FTIR spectra of prepared samples S1 and S2 between wave 
number range 380-4000cm-1are illustrated in the figure. Absorption bands were observed at 
495.93cm-1 and 483.29 cm-1 respectively for samples S1 and S2. These values indicate Zn-O 
stretching vibrations of the samples. The absorption curve at 1637.12 cm-1 represents the H2O 
vibration band which may be due to the absorption of water from the atmosphere on the surface of 
sample S1. The presence of absorbed CO2 molecules on the surface of samples S1 and S2 are 
revealed by the bands at 2348.69 cm-1and 2354.49 cm-1 respectively. At 2962.99 cm-1 and 2898.66 
cm-1, respectively on S1 and S2 bands are observed, which might have emerged due to C-H 
stretching vibration in the alkane group.  O-H symmetric stretching vibration of samples S1 and S2 
is evident from bands at 3480.76 cm-1 and 3295.77 cm-1 respectively[49]. 

ZnO thin films forma wurtzite crystal structure and group theory predicts the potential 
optical modes as  

A1(TO)+ 1A1(LO)+ 2B1+ 1E1(TO) + 1E1(LO)+2E2. In which two B1 modes are not Raman 
active. (LO) and (TO) identifies the longitudinal and transverse optical components, since A1 and 
E1 modes are infrared active too.  The Raman spectra of the ZnO thin film samples S1 and S2 are 
shown in Fig 6(b). The phonon frequencies identified from the spectra of sample S1 are:  E2(high)= 
437.25 cm-1, E2(low)= 99.04 cm-1, E1(LO)= 580.63 cm-1, and the same peaks identified for sample 
S2 are respectively at 441.34 cm-1, 102.09 cm-1 and 587.13 cm-1. E2 vibration mode is characteristic 
of wurtzite crystal structure. E1(LO) mode is the identification of defect formations such as free 
carrier lack, interstitial Zn, oxygen absence, etc. The weak intensity of this peak for sample 
S2suggests the presence of a low density of defects in this sample. 1E1(TO) mode of samples is very 
weak to be identified, which could be interpreted due to the low value of stress developed in samples.  
E2 phonon frequency is an identification residual stress in ZnO thin film samples. An increased value 
of phonon frequency identified for sample S1 is evidence of the compressive stress present in the 
sample, which might have arisen due to a mismatch of thermal expansion coefficients sample 
material and glass substrate. The sharpness of the E2 peak is the indicator of grain size of the samples 
and it could be concluded that sampleS2is available with more grain size[50]. 

 
3.5. Solar cell modeling  
Using a finite difference drift-diffusion model, trapping and de-trapping are found in this 

simulation of carrier transport. The bi-polar drift-diffusion equations are solved for electrons and 
holes. Hole current flux density is designated as ‘Jp’, while electron current flux density is 
abbreviated as ‘Jn’. 

 
                            Jn = qμenf

𝜕𝜕𝜕𝜕𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝜕𝜕𝜕𝜕

 + qDn
𝜕𝜕𝑆𝑆𝑓𝑓
𝜕𝜕𝜕𝜕                                                                                                 (8) 
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                             Jp= qμhpf
𝜕𝜕𝜕𝜕𝐻𝐻𝐿𝐿𝐿𝐿𝐿𝐿

𝜕𝜕𝜕𝜕
 – qDp

𝜕𝜕𝜕𝜕𝑓𝑓
𝜕𝜕𝜕𝜕

                                                               (9) 

 
Here, ‘q’ stands for the charge of an electron, ‘μe’ and ‘μh’stand for electron and hole 

mobility, and ‘Dn’, ‘Dp’ stands for the electron and hole diffusion coefficients. 
To determine the device's built-in potential distribution, ‘ϕ’  is identified from Poisson's 

equation. 
 

                     𝑑𝑑
𝑑𝑑𝜕𝜕

.𝜀𝜀0𝜀𝜀0𝑟𝑟
𝑑𝑑𝑑𝑑
𝑑𝑑𝜕𝜕

  = q(nf + nt – pf – pt – Nad )                                                 (10) 
 
where ε0 and εr are permittivities of respectively air and active medium. ‘nf’ is free electron density 
and ‘nt’ is trapped electron density, ‘pf’ is free hole density, and ‘pt’ is trapped hole density. ‘Nad’ is 
the doping density[51]. 

The default values of density of states of Perovskite and PEDOT: PSS layers, available in 
the simulator were adopted for modeling, whereas experimentally extracted values and values from 
the literature review were input for the ZnO electron transport layer.   

The percentage of the fill factor can be found as  
 

FF = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚×𝐼𝐼𝑚𝑚𝑚𝑚𝑚𝑚
𝑉𝑉𝑜𝑜𝑜𝑜×𝐼𝐼𝑠𝑠𝑜𝑜

                                                                    (11) 

 
The power conversion efficiency of the Solar cell is the ratio of power output (Pout) to that 

of power input (Pin) and which could be calculated as,        
                                                                            η = 𝑉𝑉𝑜𝑜𝑜𝑜×𝐽𝐽𝑠𝑠𝑜𝑜×𝐹𝐹𝐹𝐹

𝑃𝑃𝑖𝑖𝑖𝑖
                                                                     (12) 

   
3.5.1. Pervoskite solar cell 
One of the most commonly used perovskite structures for Solar cell application is 

Methylammonium lead iodide (CH3NH3PbI3) perovskite. This material shows a strong dependence 
on crystalline nature over a wide range of temperatures. Because CH3NH3PbI3 has high carrier 
mobility, electrons, and holes can move through it quickly and effectively. Recombination losses—
where the charge carriers recombine before creating a current—are decreased as a result. 
Furthermore, CH3NH3PbI3 is capable of efficiently absorbing sunlight and generating electrical 
energy due to its appropriate band gap and energy levels[52]. Perovskite Solar cells are a good 
choice for large-scale solar power systems due to the inexpensive cost of the components necessary 
to create them. Due to the unique composition and electrical characteristics of perovskites, 
perovskite Solar cells have shown tremendous promise for high carrier mobility. Due to its unique 
composition and electrical characteristics and broad-spectrum light absorption, power conversion 
efficiencies of perovskite solar cells are in leap over this decade, reporting a maximum value of 
26.1% according to the current National Renewable Energy Laboratory (NREL) solar cell efficiency 
chart. 

The device architectures possible could be by stacking the layer in order as Substrate / 
ITO/PEDOT: PSS/Perovskite/ZnO/Ag, which will form the conventional p-i-n Perovskite Solar cell. 
Perovskite is the active layer in which charge carriers are generated. ZnO is the ETL and PEDOT: 
PSS is the HTL which are also fixed as ‘active layers’ in the simulator. ‘ITO’ and ‘Ag’ are selected 
as contact layers.  In this case, illumination is happening through the ITO layer and electron-hole 
pairs will be generated in the Perovskite layer, which will get transferred to respective electrodes via 
ETL and HTL. The conventional Perovskite solar layer arrangement is shown in Fig 7. The default 
values available for the active layer and HTL were 400nm and 200nm respectively in the simulator.   
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Fig. 7. Layer arrangements of perovskite solar cell. 
 
 
3.5.2. Effect of variation of Perovskite layer thickness on the performance  
         of the solar cell 
The variations of Jsc values with the thickness of the Perovskite layerfor devices fabricated 

with samples S1 and S2 are plotted in Fig 8(a). Both curves show a similar tendency of variations 
with slightly different values. It is noted that as the film thickness increases, it can absorb more 
incident light, leading to an increase in the number of generated electron-hole pairs. As a result, Jsc 
increases. However, if the absorber layer thickens, it can cause more charge carriers (such electrons 
and holes) to recombine inside the material before they reach the electrodes. With growing thickness, 
this recombination effect intensifies, resulting in a decline in Jsc.More over beyond a given 
thickness, the increase in light absorption brought on by more material may saturate because the 
depth of light penetration is constrained, which causes Jsc to decrease. Hence the over all tendcy of  
this curve leads into a bell shape. In direct comparison, the device with sample S2 exhibits a higher 
value of conductivity, resulting in a marginally higher value of Jsc than the device with sample S2. 
It might be obtained due to the fact that, in experimentally prepared samples S1 and S2, sample S2 
was available with fewer defects. Fig 8(b) shows the Voc curve with thickness of the Perovskite 
layer. For both devices with samples S1 and S2, the Voc shows a general increasing trend up to 
500nm , which might have been attributed to a decrease in the recombination of charge carriers. The 
increase in series resistance caused by the layer's decrease in carrier concentration and carrier 
mobility can be used to describe the general trend of FF decrement with Perovskite layerthickness 
increase, which is presented in Fig 8(c). PCE values were obtained at a layer thickness of 500nm for 
both samples and the values are respectively 18.5% and 18.65%.  The efficiency parameter 
variations with Perovskite layer thickness are shown in Fig 8(d) 

 
3.5.3. Effect of variation of HTL layer thickness on the performance of the solar cell 
Variation of electrical parameters with the HTL layer thickness for the Solar cells fabricated 

with Sample S1 and Sample S2 is identified.  
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(a)                                                                               (b) 

 
(c)                                                                                      (d) 

 
Fig. 8. Variation of electrical parameters a ) Jsc, b) Voc, c) FF, and d) PCE with the Perovskite layer 

thickness for the Solar cells fabricated with  Sample S1 and  Sample S2. 
 

 
The maximum efficiency obtained for Solar cells fabricated with Samples S1 and S2 are 

respectively 21.88% and 21.96% for an HTL layer thickness of 100nm. For this thickness, the Jsc, 
Voc, and FF respectively obtained as -299.848 A/m2, 0.9666 V, 0.7548 for sample S1 and -300.990 
A/m2, 0.9667 V, 0.7546 for sample S2. When HTL thickness is <100nm, there may be chances that 
due to the surface recombination happening at HTL and contact layer interface leaden to a decrease 
in efficiency. The variation of Fill factor values with the HTL thickness gives an indication of 
changes happening in series resistance. As the HTL thickness increased from 50-100nm, the 
efficiency of the cell increases from almost 15- 22% with a change of fill factor from 0.775-0.754 
for both devices using samples S1 and S2. The reduction in fill factor with the increase in HTL 
thickness may be considered due to the series resistance offered by the HTL[53]. Further, an 
increase in HTL thickness up to 500nm resulted in a reduction of efficiency of almost 10%. 

Maximum efficiency of the Solar cell was identified for an HTL thickness of 100nm, a 
Perovskite layer thickness of 400nm with ZnO ETL thickness of obtained samples. The electrical 
parameters variations with Perovskite layer thickness are shown in Fig 9(a),(b),(c),(d). The input 
parameters used for simulating the Solar cell are reported in Table 5. 
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Table 5. Input parameters for numerical simulation for optimum values. 
 

Input parameters PEDOT: PSS Perovskite ZnO 
Thickness (nm) 100 400 996 (S1), 1015 (S2) 

Relative permittivity εr 3 20 20 
Optical band gap Eg (eV) 1.6 1 3.052(S1), 3.365 

(S2) 
Electron affinity (eV) -5.2 -3 -4.3 

Electron mobility (m2/V.s) 0.002 0.002 0.02 
Hole mobility (m2/V.s) 0.002 0.002 0.018 

Electron density of states 
(m-3) 

5×1025 1×1026 5×1025 

Hole density of states (m-3) 5×1025 1×1026 5×1025 
Thermal conductivity(W m-

1C-1) 
2.2  1  50  

Electron relaxation time (s) 1  1 ×10-8 1 ×10-12 
Hole relaxation time (s) 1  1 ×10-9 1 ×10-12 

 
 
The corresponding electrical parameters are listed in a table and the J-V plot is presented in 

Fig. 10. 
 

 
 

Fig. 10. J-V Curves of perovskite solar cells with samples S1 and S2. 
 
 
Fig 10 shows the current density (Jsc) vs Voltage (V) for the devices simulated with samples 

S1 and S2as ETL. The open circuit voltage (Voc), short circuit current (Jsc), fill factor (FF), and power 
conversion efficiency (PCE) for a device with sample S1 are recorded as 0.9666V, -299.84 A/m2, 
0.7548, and 21.88% respectively. For the device with sample S2, the values obtained for these 
parameters are 0.9667V, -300.99 A/m2, 0.7546, and 21.96 %. The obtained values indicate the 
efficient performance of the device fabricated with sample S2 over the other device. The PCE values 
obtained for the devices are observed to be consistent with the JSc values indicating that the medium 
of preparation of ZnO thin films influences Solar cell performance. Solar cell parameters obtained 
for devices with samples S1 and S2 are reported in Table 6. 

 
 

Table 6. Solar cell parameters  of the devices with samples S1 and S2. 
 

Solar cell with 
ZnO sample 

Voc (V) Jsc (A/m2) FF PCE (%) 

S1 0.9666 -299.84 0.7548 21.88 
S2 0.9667 -300.99 0.7546 21.96 
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The obtained values of recombination constant, electron mobility at Pmax, and Average 
mobility at Jsc are reported in table 7. It is observable that the device with sample S2 is provided 
with better values than that of the device with sample S1. 

 
 

Table 7. Recombination constant at Voc, electron mobility at Pmax, and average mobility at Jsc of the devices 
with samples S1 and S2. 

 
Solar cell with 
ZnO sample 

Total carriers at 
Voc×1023 

Recombination rate 
at Voc (m-3s-1) ×1027 

Electron 
mobility at 

Pmax×10-2(m2V-

1s-1) 

Average 
mobility as 

JSC×10-2 (m2V-

1s-1) 

S1 1.1549 1.3070 1.3676 1.3035 
S2 1.1549 1.3123 1.3676 1.3038 
 
 
Absorbed Photon density for devices with samples S1 and S2 with normalized photon 

absorbed per layer of Solar cells are shown in Fig 11(a)&(b), and Fig 12(a)&(b) respectively. It is 
evident from the figures that the photon absorption is maximum between 200 to 600nm, where the 
absorber layer is placed in the devices. A slight improvement in photons absorbed is shown by the 
device with sample S2 in this region.  

 

 
(a) 

 
(b) 

 
Fig. 11. Absorption photon spectra with the layer thickness for devices fabricated with samples  

a) S1 and b) S2. 
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(a)                                                                                  (b) 

 
Fig. 12. Normalized photons absorbed with the layer thickness for devices fabricated with samples  

a) S1 and b) S2. 
 
 
External quantum efficiency (EQE) is the ratio of the number of charge carriers generated 

by photon illumination to the number of incident photons. It is calculated as the product of four 
efficiencies: charge collection (CC), charge separation (CS), Exciton dissociation (ED), and 
Absorption (A), which is given as EQE(λ) = ηCC (λ)× ηCS (λ)× ηED (λ)× ηA (λ) [54]. Fig 13 shows the 
variation of EQE with wavelength and a general trend of decreasing from a maximum EQE value 
for respective samples were observed in the wavelength ranges of 280 – 1600nm. An improvement 
in the spectrum was observed for OSC with sample S2 for most of the wavelength range, which is 
also evident from UV-visible absorption spectra. The improved EQE may be related directly to the 
enhanced contact supplied by ZnO nanorods of sample S2, leading to reduced resistance and offering 
high-charge transport through the ETL layer. The higher values of Jsc and FF of OSC with sample 
S2 support this fact.  

 
 

 
 

Fig. 13. EQE Curve of Perovskite Solar cells with samples S1 and S2. 
 
 
4. Conclusion 
 
In summary, high-quality ZnO thin films from Zinc Acetate and Zinc Chloride precursor 

media were deposited on a glass substrate using the SILAR method and named samples S1 and S2 
respectively. ZnO thin films deposited from both precursors are showing high crystalline nature, 
whereas sample S2 is available with fewer dislocations, a more specific surface, and less residual 
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stress. Both samples identified with nanorod structure morphology while sample S2's surface is 
covered with nanorods with a perfect grain boundary.  Electrical conductivity measurements 
revealed a low value of sheet resistance of sample S2. Sample S2 demonstrated higher transparency 
in the visible range and optical band gap energy with high purity is proven from FTIR and Raman 
studies. For the numerical modeling of the Perovskite Solar cell, the active layer thickness and HTL 
thickness were optimized as 400nm and 100 nm respectively. Numerical modeling of Perovskite 
Solar cells with the prepared samples contributed to the high value of ‘Jsc’ and ‘PCE’ for the device 
fabricated with sample S2 as the electron transport layer. The efficiency of the device obtained was 
21.96%. Thereby, we are concluding that by using Zinc Chloride precursor in the SILAR method, 
high-quality ZnO thin films can be prepared, which are beneficial in applications such as the electron 
transport layer in Perovskite Solar cells.    
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