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a b s t r a c t   

This article reports on Cu2ZnSnSe4 (CZTSe) thin film preparation via a nonhydrazine, nonpyridine and 
environmentally friendly low-cost solution process method. CZTSe fabrication through a solution-based 
process has not yet been suitably demonstrated given the impediments to addressing the presence of se
lenium in solutions. In this study, we introduced a two-step CZTSe fabrication method that used mono
ethanolamine as the chelating agent/co-solvent and ethanol as the main solvent. Selenization was then 
conducted. In this process, we successfully avoided the use of hydrazine to synthesise CZTSe thin films. 
Material characterisations (e.g. UV–VIS–NIR, scanning electron microscopy, electron dispersive spectro
scopy, X-ray diffractometry and Fourier transform infrared spectroscopy) confirmed the high quality of the 
deposited thin films. The deposited CZTSe thin film showed high crystallinity without carbon residues, 
indicating its potential application as a photovoltaic absorber. Hence, we investigated the photovoltaic 
parameters of the CZTSe-based solar cells on the basis of the deposited thin film’s optoelectronic properties. 
We utilised Solar Cell Capacitance Simulator to examine the electrical effects of CZTSe solar cells and used 
three-dimensional finite-difference time-domain optical simulations to investigate the optics of the solar 
cells. We estimated that the realistic power conversion efficiency of the CZTSe solar cells could reach 18.5% 
with a short-circuit current density of 30 mA/cm2. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Materials for photovoltaic applications have been intensively 
developed and shown remarkable performance. Perovskite solar 
cells (25.5%), silicon-based solar cells (26.7%), copper indium gallium 
selenide-based solar cells (22.9%), cadmium telluride-based solar 
cells (22.1%) and kesterite solar cells (KSCs) are the most prominent 
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photovoltaics given their power conversion efficiency (PCE) [1–4]. 
KSCs, such as Cu2ZnSnS4 (CZTS), Cu2ZnSnSe4 (CZTSe) and Cu2ZnSn 
(S,Se)4, are widespread in the photovoltaic community due to their 
simple processing [5–8]. Selenide or sulphur-based (CZTS/Se) ma
terials are amongst the most interesting developed materials. The 
PCE of CZTS solar cells fabricated through evaporation can reach 
11.01% [5]. The PCEs of CZTSe and CZTSSe solar cells produced 
through hydrazine addition are 10.54% and 12.6%, respectively [6,7]. 
The record efficiency of CZTSe solar cells has recently exceeded 13%, 
which can further allow the use of such materials for high-efficiency 
photovoltaics [8–13]. The recombination effect at device interfaces 
can be reduced via structural optimisation, thus facilitating the 
realisation of high-efficiency single-junction and tandem solar cells  
[14–17]. Thin films for CZTSe solar cells can also be prepared through 
thermal evaporation, sputtering, electrodeposition and solution 
processing [18–25]. Moreover, highly efficient CZTSe solar cells can 
be fabricated via the hydrazine solution process [6,25]. Hydrazine is 
a noncarbon organic compound that can act as the solvent of many 
organic or inorganic compounds [26]. Given its unique property, 
hydrazine is a prominent solvent for the synthesis of selenium-based 
kesterite films (e.g. CZTSe) that can provide large grains, increase 
uniformity and decrease raw material wastage [26–28]. However, 
deposition by using a hydrazine solvent has several drawbacks, such 
as flammability, corrosiveness, acute toxicity, carcinogenicity and 
environmental hazards [28–32]. In addition, hydrazine is a volatile 
compound that requires rigorous safety protocols. The vapour of 
pure hydrazine may explode if ignited and is incompatible with 
several materials, including numerous plastics and metals [17–19]. 
These drawbacks restrict the use of pure hydrazine in large-scale 
production. Process temperature, especially the temperature of 
postannealing treatment, reduces defects in the crystal lattice and 
improves the crystallinity of CZTSe thin films [33]. However, high- 
temperature postdeposition annealing mainly deteriorates the per
formance of CZTSe devices [32,34]. Annealing temperature plays an 
important role in the defect engineering of CZTSe thin films  
[25,28,34,35]. 

In the present study, we aimed to prepare a high-quality CZTSe 
thin film for efficient photovoltaic applications. In the first part of 
this study, a two-step reaction method was used to fabricate CZTSe 
thin films on glass substrates. The Cu, Zn, Sn (CZT) film precursor 
was prepared from metal salts (Cu2+, Zn2+ and Sn4+) in mono
ethanolamine (MEA). The ethanol solvent mixture was annealed at 
200 °C for 15 min under ambient atmosphere. Next, selenium was 

added to the CZT film precursor via selenization under an Ar (95%) 
+ H2 (5%) atmosphere at 550 °C for 120 min. Necessary optical, 
electrical and structural characterisations (e.g. UV–VIS–NIR, scan
ning electron microscopy [SEM], energy dispersive X-ray spectro
scopy [EDX], X-ray diffractometer [XRD] and Fourier transform 
infrared [FTIR]) confirmed the high quality of the deposited CZTSe 
thin films. In the second part of this study, the optoelectronic 
properties of the CZTSe solar cells were investigated via numerical 
simulations. The experimentally obtained optical and electronic 
values of the deposited CZTSe thin films were used as the input for 
numerical device modelling and simulations. Solar Cell Capacitance 
Simulator (SCAPS) simulations were performed to examine the 
electrical characteristics of the solar cells. The optics and optimisa
tion of the devices were investigated via finite-difference 
time-domain (FDTD) simulations in three dimensions [4,36,37]. 

2. Experimental details 

2.1. Soda-lime glass preparation 

Soda-lime glass (SLG) was cleaned with acetone, ethanol and 
deionised water in an ultrasonic water bath for 20 min 

2.2. Preparation of the CZT film precursor 

The first step in the two-step method was the preparation of a 
CZT solution precursor from Cu2+, Zn2+ and Sn4+ metal salts by using 
MEA ethanol as the mixed solvent. MEA acted as the chelating agent/ 
complexant [38], whereas ethanol acted as the main solvent. The 
CZT solution was prepared with Cu/(Zn+Sn) and Zn/Sn ratios of 0.75 
and 1.00, respectively, which were the optimal conditions for the 
growth of high-quality, copper-poor, zinc-rich CZTSe thin films in 
the final process [39–41]. The CZT film precursor was made from 
annealed CZT solution precursor prepared with Cu2+, Zn2+ and Sn4+ 

metal salts, such as copper (II) acetate monohydrate, zinc acetate 
dihydrate and tin (IV) chloride dehydrate, purchased from Sigma 
Aldrich. All metal salts were separately dissolved under ultrasonic 
assistance in 10 mL of MEA, which was also purchased from Sigma 
Aldrich. The concentrations of copper, zinc and tin were 0.075, 0.050 
and 0.050 M, respectively. After each metal salt was dissolved en
tirely in MEA, all of the solutions were mixed until their colours 
turned dark blue. Ethanol was then added at the MEA:ethanol ratio 
of 30:70. The CZT precursor solution was later deposited through 

Fig. 1. Schematic of (a) the structure of the metal–MEA complex compound and (b) the synthesis of CZTSe thin films from the CZT precursor.  
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spin coating at 2000 rpm for 15 s on SLG with dimensions of 
2.5 cm × 2.5 cm. Finally, it was annealed under ambient atmosphere 
at 200 °C for 10 min in a tubular heater until a black-brownish film 
was obtained. 

2.3. Growth of CZTSe thin films 

The CZTSe thin films obtained by adding selenium into the CZT 
precursor through selenization under Ar (95%) and H2 (5%) mixed 
gases at 550 °C and a flow rate of 10 sccm for 120 min. After sele
nization, the sample was cooled to room temperature under natural 
conditions. 

2.4. Characterisation of CZTSe thin films 

The microstructural and cross-sectional analyses of the films 
were performed with a scanning electron microscope by Hitachi (S 
4800, Japan) at an operating voltage of 15 kV. The composition of the 
films was examined by using an EDX apparatus by Horiba, Japan, 
attached to the SEM apparatus with the acceleration voltage, 
working distance and emission current of 15 kV, 15 mm and 10 μA, 
respectively. Crystallinity and structural analyses were performed by 
using an XRD system by Rigaku (DMAX 2500, Japan) with a fixed 
angle of 2θ and λ = 1.5405 Å. The measurement conditions were kept 
at 40 kV, 100 mA and scan speed 2θ with the diffraction angle 2θ 
between 1° and 65°. The complementary XRD data were obtained 
with a Renishaw (REO2, U.K.) micro-Raman spectrophotometer at 
514.5 nm by using an argon ion C.W. laser. The absorption spectra 
were recorded by a Varian (Carry 5000, USA) UV–Vis–NIR spectro
photometer over the wavelength range of 300–1500 nm. Electrical 
properties were determined through taking Hall–Effect measure
ments with Ecopia (HMS-300, USA) at 0.01 μA. FTIR data were re
corded by an apparatus by Perkin Elmer (C86199, USA). 

3. Results and discussion 

3.1. Fabrication of CZTSe thin films 

Fig. 1. Schematic of the structure of the metal–MEA complex 
compound and the synthesis of CZTSe thin films from the CZT pre
cursor. A detailed schematic of the deposition of CZTSe films from 
the CZT precursor solution is shown in Fig. 1(b). This schematic il
lustrates the annealing and salinisation processes. In the preparation 
process, the CZT precursor solution was deposited onto SLG. In this 
step, metal–MEA complex compounds were slightly decomposed, 
and intermetallic atoms produced a binary alloy. By contrast, organic 
compounds, such as acetate, ethanol and MEA, decomposed partially 
into organic residues (e.g. C or CO) in the form of amorphous sub
stances that were deposited along with copper and intermetallic 
binary alloy. 

The reactions of copper, zinc and tin in the metal salts with MEA 
before annealing are given below.  

Mx+ (aq) + MEA (l) → M[MEA]x (aq),                                        (1)  

M[MEA]x (aq) → M (s) + Organic residue (s),                            (2)  

Cu (s) + Zn (s) → CuxZny (s),                                                   (3)  

Cu (s) + Sn (s) → CuxSny (s),                                                   (4) 

where M = Cu, Zn and Sn. 

3.1.1. Structural and surface properties of CZTSe thin films 
The resulting XRD pattern of the annealed CZT precursor film is 

shown in Fig. 2. The pattern contained two diffraction peaks at 2θ 
= 43.3° and 50.4° that were assigned to the (111) and (200) planes, 
respectively. 

These peaks were likely exhibited by copper and intermetallic 
binary alloys, e.g. CuxZny and CuxSny. The organic amorphous re
sidue surrounding these compounds presented a broad 2θ peak 
below 35°. The Cu–Zn–Sn ternary phase diagram indicated that both 
intermetallic compounds may form below 200 °C. However, no evi
dence for the ZnxSny compound or even metal oxides from the 
metal–MEA complex compound was found due to the preferential 
reaction of zinc and tin with copper. The initial chemical composi
tion of the CZT precursor was also similar to the result published by 
Wibowo et al. [42]. In this study, the chemical compositions of 
copper, zinc and tin were maintained at 45%, 30% and 25%, respec
tively, with the Cu/(Zn+Sn) ratio of 0.82 matching the XRD pattern 
with the Cu–Zn–Sn ternary phase diagram shown in Fig. 2(a). In 
addition to inorganic compounds, organic compounds, such as 
acetate from metal salts, ethanol and MEA, were used as solvents in 
this work. These compounds could leave organic residues in the film 
in the form of carbon or graphite. FTIR and Raman measurements 
would help trace such organic residues. The resultant FTIR and 
Raman spectra of the CZT precursor before and after annealing are 
presented in Fig. 2(b) and (c), respectively. In Fig. 2(b), the peaks at 
1365 and 1469 cm−1 could be attributed to ethanolic CH2 and CH3 

group peaks. A peak at 1469 cm−1 arising from the CH2 group in MEA 
was found in addition to the peak for the CH3 group in ethanol. The 
broad peak at 3353 cm−1 originated from hydroxyl influenced by 
hydrogen bonding from the solvent. The peaks at 3287, 1078, 1032 
and 1592 cm−1 belonged to N–H and were specific indications of the 
aliphatic amine group. The peaks at 2932 and 2869 cm−1 confirmed 
hydrocarbon (C–H) bonding. Overall, the spectrum of CZT precursors 
in the solution phase was dominated by the spectrum of MEA be
cause ethanol is molecularly similar to MEA. Therefore, the ethanol 
peaks were covered by the MEA peaks. The spectrum of the CZT 
precursor after annealing was different from that of the CZT pre
cursor in the solution phase and could be shifted, show decreased 
intensity or even disappear. These differences provided evidence for 
the partial decomposition of organic compounds in the CZT pre
cursor. However, MEA had amine and hydroxyl as active sites. Both 
sites could react with some compounds during calcination. This re
action can be identified as the broad peak at 3422 cm−1

, which could 
be attributed to the hydroxyl site (–OH) from an ester lacking hy
drogen bonding between the ligand and the solvent. The peak at 
2215 cm−1 specifically represented the nitrile group, and the peaks at 
2932 and 2869 cm−1 represented C–H bonding that remained even 
after annealing. 

The shoulder peaks at 1700 and 1627 cm−1 reflected C]O 
bonding and the −N − H group, respectively. The condition of the CZT 
precursor after calcination was sufficient to prevent oxidation in the 
CZT film precursor due to oxidation in the ligand. The XRD pattern of 
the CZT precursors selenized at elevated temperatures is shown in  
Fig. 3(a). During selenization at 250 °C, the CZT precursor was re
acted with selenium. Selenium had already evaporated at small 
amounts to form SnSe, which exhibited a peak at 2θ = 31.37°. CuSe, 
which presented a small peak at 2θ = 25.63°, was also likely present. 
In addition to CuSe and SnSe, CuxZny and CuxSny binary alloys 
formed under the above condition given that they were the domi
nant compounds at this moment. At 350 °C, binary and ternary 
compounds were present along with quaternary compounds. The 
binary compounds included CuSe, Cu2-Sex and SnSe. The ternary and 
quaternary compounds CuSnSe3 and CZTSe also formed. At 450 °C 
and 550 °C, five peaks that can be indexed to (101), (112), (211), (204/ 
220) and (312/116) were found at 2θ = 17.35°, 27.13°, 36.11°, 45.09° 
and 53.45°, respectively. These peaks were indexed to Cu2SnSe3 

(ICDD: 01-089-1879) or CZTSe (ICDD: 00-052-0868). Moreover, the 
formation of the CZTSe thin film was confirmed by the Raman 
spectra given in Fig. 3(b). 

The reactions of the CZT precursor could be divided into primary, 
binary, ternary and quaternary reactions to understand their 
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mechanisms. The primary reaction occurred between Se and H2 and 
amongst copper, zinc and tin. It produced binary compounds, such as 
H2Se, CuxSe, ZnSe and SnSe. The binary reaction took place because 
some binary compounds, such as CuxSe, ZnSe, SnSe, CuZn and CuSn, 
reacted with H2Se to form the ternary compound Cu2SnSe3. The 
reaction of the ternary compound Cu2SnSe3 with ZnSe led to the 
quaternary reaction. All these reactions are provided below. 

Primary reactions:  

Se (g) + H2 (g) → H2Se (g),                                                     (5)  

Cu (s) + H2Se (g) → CuxSe (s) + H2 (g),                                     (6)  

Zn (s) + H2Se (g) → ZnSe (s) + H2 (g),                                       (7)  

Sn (s) + H2Se (g) → SnSe (s) + H2 (g),                                       (8)  

C (s) + 2 H2 (g) → CH4 (g)·                                                      (9)  

Binary reactions:  

CO (s) + 2 H2 (g) → CH4 (g) + H2O (g),                                     (10)  

CuZn (s) + H2Se (g) → CuxSe (s) + ZnSe (s) + H2 (g),                  (11)  

CuSn (s) + H2Se (g) → CuxSe (s) + SnSe (s) + H2 (g)·                 (12)  

Tertiary reactions:  

CuSe (s) + CuSn (s) + 2 H2Se (g) → Cu2SnSe3 (s) + 2 H2 (g),        (13) 

Fig. 2. (a) XRD pattern of the annealed CZT precursor with a particular composition in the Cu–Zn–Sn ternary phase diagram. (b) FTIR spectrum and (c) Raman spectrum of the CZT 
precursor before and after annealing. 

Fig. 3. (a) XRD pattern of the CZT precursors selenized at high temperatures under Ar (95%) + H2 (5%) for 120 min (c) Raman spectrum of the CZTSe thin film. The inset shows an 
expanded view of the Raman shift from 100 cm −1 to 300 cm−1. 
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Cu2Se (s) + SnSe (s) + H2Se (g) → Cu2SnSe3 (s) + H2 (g),            (14)  

CuSn (s) + H2Se (g) → Cu2SnSe3 (s) + H2 (g)·                            (15)  

Quaternary reaction:  

Cu2SnSe3 (s) + ZnSe (s) → Cu2ZnSnSe4 (s)·                               (16)  

The Raman spectra confirmed that the CZTSe thin film had 
formed. The alteration of the selenization temperature from 250 °C 
to 550 °C led to the presence of carbon in the films. Initially, no peak 
was observed in the CZT precursor. However, at 250 °C, the peak at 
258 cm−1 is represents to CuSe or Cu2Se compounds. In addition, the 
reaction products between copper in the CZT precursor and sele
nium during selenization at 350 ºC also appears at 258 cm−1. At 
450 °C, the CZTSe peak appeared at 198 cm−1. The Raman spectra 
also indicated that organic residue existed in the carbon compounds 
in the form of amorphous carbon. A spectrum with a slope and the 
specific pattern of D and G peaks at 1350 and 1585 cm−1, respec
tively, was obtained. The D and G peaks in the Raman spectra dis
appeared gradually with the increase in temperature. Finally, at 
550 °C, the Raman spectra revealed specific peaks for CZTSe at 174, 
198 and 234 cm−1 and no D and G peaks as shown in Fig. 3(b). The 
Raman spectra for CZTSe with the confirmation peaks and carbon 
residue are shown in Fig. S1 and S2, respectively. 

The surface and cross-sectional morphologies of the CZT pre
cursor film are provided in Fig. 4(a). The precursor film exhibited a 
small grain. As shown in Fig. 4(b), the SEM image shows hexagonal 
shape indicated the presence of the CuSe (Cu2-Sex) compound and 
the formation of a small amount of SnSe in the film selenized at 
250 °C. In the film selenized at 350 °C, the Se binary compounds 
CuSe, ZnSe and SnSe were observed with hexagonal, tetragonal and 
thread-like shapes, respectively, as depicted in Fig. 4(c). The SEM 
images were consistent with the previously studied XRD patterns 
and Raman spectra. The film selenized at 450 °C exhibited a small 
CZTSe grain size as illustrated in Fig. 4(d). Nevertheless, grain size 
greatly increased at elevated temperatures (550 °C), resulting in the 
formation of CZTSe films with high crystallinity as presented in  
Fig. 4(e). In the film selenized at 550 °C, CZTSe had a granular and 

compact shape with a thickness of approximately 1300 nm as de
picted in Fig. 4(f). This result was also consistent with the Raman 
spectrum results for the films selenized at the elevated temperatures 
of 450 °C and 550 °C. 

The chemical compositions of CZTSe films prepared at different 
selenization temperatures were determined by using EDX. At ele
vated temperatures, the amount of selenium increased due to the 
presence of compounds containing selenium, including primary, 
binary, tertiary and quaternary compounds. In addition, the eva
poration of some elements (e.g. tin) during selenization led to a 
change in the films’ chemical composition. Fig. S3 and Table S1 in the  
Supporting Information present the change in chemical composition 
with the variation in selenization temperatures. Chemical compo
sition was determined by comparing the intensity of each element in 
the sample. For example, if the amount of selenium in the sample 
had increased, that of the other components should decrease. Hence, 
the chemical composition ratio was considered in the current study. 
We used the component ratio (Cu/[Zn+Sn], Zn/Sn and Se/metal) 
approach to describe the chemical composition of the thin films. 
This information would help identify the change in the tin and se
lenium contents in the film. Thus, the Cu/Zn and Cu/Sn ratios should 
be calculated to describe the change in copper and zinc contents 
during selenization. 

3.1.2. Optoelectronic properties of CZTSe thin films 
Chemical composition greatly influences the optoelectronic 

properties of films. The transmission and absorption of the de
posited thin films were determined via UV–vis measurements, 
which enabled the further calculation of the absorption coefficient 
and bandgap of the films. Fig. 5(a) and (b) exhibit the absorbance 
and wavelength-dependent transmittance of the films fabricated at 
different selenization temperatures. The fabricated thin films 
showed high absorption up to 900 nm wavelength and were thus 
suitable for photovoltaic applications. At wavelengths over 900 nm, 
the CZTSe thin films presented considerable transmission (~80%) 
with negligible absorption. 

Fig. 5(c) illustrates that the absorption coefficient of the films 
exceeded 104 cm−1 [43]. The images of the CZT precursor before and 

Fig. 4. SEM images of (a) the CZT precursor; (b) the CZT precursor during selenization at 250 °C, (c) 350 °C, (d) 450 °C and (e) 550 °C under Ar (95%) + H2 (5%) atmosphere for 
120 min and (f) the cross-section of the CZT precursor. 
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after selenization are provided in Fig. S4. The infrequency of optical 
phenomena in the CZTSe films confirmed the effectiveness of film 
deposition and the potential for fabricating CZTSe solar cells with 
high efficiency. Fig. 5(d) shows the Tauc plot for the determination of 
bandgaps with the variation in selenization temperature. The 
bandgaps of the CZTSe films fabricated at the selenization tem
peratures of 250 °C, 350 °C, 450 °C and 550 °C were 1.25, 1.27, 1.28 
and 1.29 eV, respectively. These bandgaps are very suitable for ob
taining efficient CZTSe solar cells. The electrical properties, such as 
carrier concentration, carrier mobility, conductivity and resistivity, 
of the deposited CZTSe thin films were determined by using Hall 
measurements. The electrical properties of the films were found to 
be influenced mainly by the organic and inorganic phases of 
the films. 

The electrical properties of the films gradually changed as the 
selenization temperature was increased from 250 °C to 550 °C. The 
thin film fabricated at the selenization temperature of 250 °C was 
dominated by organic residues and still had a low content of metal 
selenide compounds. CZTSe had low carrier concentration and mo
bility and manifested high resistivity because it contained carbon 
residue that acted as an insulator. Furthermore, at elevated seleni
zation temperatures, carrier concentration and mobility gradually 
increased, whereas resistivity gradually decreased because binary 
and ternary compounds started to form and carbon residues slowly 
disappeared at 350–450 °C. Finally, at 550 °C, CZTSe developed 
without any secondary and ternary phases. The measured carrier 
concentration, mobility and resistivity of the CZTSe thin films sele
nized at high temperatures are shown in Table 1. 

3.2. Examination of the optoelectrical properties of CZTSe thin films via 
device modelling 

The absorbing material is crucial for solar cells because it absorbs 
sunlight and transports the resulting charge carriers to electrical 

contacts. CZTS, CZTSe, perovskite and CIGS are considered to be the 
most promising photovoltaic absorber materials [44–46]. The in
vestigated CZTSe thin films exhibited excellent optoelectronic 
properties suitable for obtaining efficient solar cells. The experi
mental findings for the fabricated CZTSe thin films were comparable 
with the best results reported in the literature [42,47]. 

We designed and modelled a CZTSe solar cell on the basis of the 
experimental properties in this study. Then, we investigated the 
photovoltaic properties of the proposed CZTSe solar cells and com
pared them with the values reported in the literature. In the first 
step, we utilised SCAPS-1D to study planar CZTSe solar cells [48–50]. 
SCAPS characterises the parameters of solar cell performance in one 
dimension. Given that we addressed only the planar structure, we 
can provide reasonable estimations while considering possible as
sumptions. The simulation provides the current–voltage (J–V) char
acteristics of solar cells. Photovoltaic performance parameters can 
then be extracted. Additional details of the SCAPS-1D electrical si
mulation method are provided in Section S1 of the Supporting 
Information. In this method, experimentally obtained electronic 
parameter values were used as inputs. Fig. 6(a) depicts the sche
matic of the investigated CZTSe solar cell. The material properties 
that were input in the simulation are given in Tables 2, 3 and 4. A 
substrate-type configuration was considered in the design of the 
solar cell. The CZTSe absorber was placed on top of a thick Mo- 

Fig. 5. (a) Absorbance, (b) transmittance, (c) absorption coefficient and (d) Tauc plot for determining the direct optical bandgap of CZTSe films. The films were annealed at 250 °C 
to 550 °C for 120 min under Ar (95%) + H2 (95%) atmosphere. 

Table 1 
Electrical properties of the CZT precursor selenized at elevated temperatures under Ar 
(95%) + H2 (5%) for 120 min.      

Temp (°C) Carrier 
Concentration (cm3) 

Mobility 
(cm2/Vs) 

Resistivity 
(Ω-cm)   

250 1.72 × 1011 1.28 × 10−6 2.55 × 101  

350 5.70 × 1015 4.30 × 10−5 3.25 × 100  

450 8.26 × 1017 1.05 × 100 3.40 × 10−2  

550 1.75 × 1018 3.20 × 100 6.48 × 10−2 
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coated glass substrate, followed by 100 nm CdS and 80 nm ZnO 
layers, where the incident light hit the ZnO layer first then propa
gated to the bulk of the device. 

The simulated J–V curves provided in Fig. 6(b) revealed that the 
JSC of the solar cell gradually decreased with the increase in the 
temperature. By contrast, the VOC of the solar cell had increased. 
Evidently, the annealing temperature of the CZTSe film not only 
influenced the film properties but also affected the optoelectronic 
properties of the CZTSe solar cells. VOC increased due to two factors: 
the change in bandgap and carrier concentration. The bandgap of 
CZTSe increased with the annealing temperature because of the 
increase in VOC and the decrease in JSC. VOC had a significant 

relationship with carrier concertation. This relationship is expressed 
by Eq. (17). 

= +
v

kT
q

ln
N n n

n
( )

,oc
A

i
2 (17) 

where kT/q is the thermal voltage, NA is the donor concentration, Δn 
is the excess carrier concentration and ni is the intrinsic carrier 
concentration. VOC increased with the increase in donor concentra
tion when the other factors were held constant. The experiment 
demonstrated that CZTSe carrier concentration had increased with 
the elevation of annealing temperature. This increment also con
tributed to the increase in the VOC of the device. The JSC and VOC 

varied from 36.5 mA/cm2 to 31.5 mA/cm2 and from 0.42 V to 0.95 V, 
respectively, when the annealing temperature of the CZTSe film was 
varied from 250–550 °C. Hence, optimisation was required to 
maintain the trade-off between photovoltaic parameters. The tem
perature-dependent JSCs and VOCs of the simulated CZTSe solar cells 
are presented in Fig. S5 along with the bandgaps of the annealed 
CZTSe thin films. The CZTSe film had to be annealed at approxi
mately 360 °C to achieve the optimal point. At the optimal point, the 
VOC and JSC were approximately 0.75 V and 34.5 mA/cm2, respec
tively, with a fill factor (FF) of ~82%. The theoretical CZTSe bandgap 
of the optimised solar cell was assumed to be within the range of 
1.25–1.27 eV and can absorb photons at up to 980–992 nm incident 
wavelength. Therefore, the estimated PCE of the optimised CZTSe 
solar cell could reach 21.4%. 

One-dimensional (1D) numerical simulations cannot provide a 
complete understanding of the underlying device optics. Solar cell 
optics has a great influence on solar cell efficiency. 1D and three- 
dimensional (3D) simulations are exceptionally valuable for device 
characterisation before proceeding to real fabrication, which is 
costly and time-consuming. However, a trade-off between 1D and 
3D simulations always exists and must be properly maintained. 1D 
simulation shows the entire system design and the interactions of 

Fig. 6. (a) Schematic of the studied CZTSe solar cell. (b) Comparison of the current–voltage characteristics of CZTSe solar cells prepared with CZTSe thin films fabricated at 
different selenization temperatures. 

Table 2 
Material properties used for simulations.      

Parameters ZnO [51] CZTSe [52,53] CdS [54]  

Thickness (nm) 80 1500 100 
Eg (eV) 3.3 Experiment (1.25–1.29 eV) 2.4 
χ (eV) 4.4 4.55–4.49 4.2 
εr 9 9.4 10 
Nc (cm−3) 2.5 × 1018 2.2 × 1018 2.2 × 1018 

Nv (cm−3) 2.0 × 1019 1.5 × 1019 1.8 × 1019 

µe (cm2/Vs) 100 100 100 
µh (cm2/Vs) 25 12.5 25 
ND (cm−3) 1.0 × 1018 – 1.5 × 1017 

NA (cm−3) – Experiment – 

Table 3 
Device parameters used in the simulation.    

Simulated cell properties  

Cell temperature 300 K 
Series resistance Rs 4.25 Ωcm2 

Shunt resistance Rsh 370 Ωcm2    

Table 4 
Contact material properties used in the simulation.      

Contact material properties 

Property Front contact Back contact  

Surface recombination velocity of electrons 107 cm/s 105 cm/s 105 cm/s 
Surface recombination velocity of holes 105 cm/s 107 cm/s 107 cm/s 
Metal work function Flat band Flat band Mo (5 eV)    
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different components within a system. In other words, 1D simulation 
calculates the field in one direction (X or Y plane) by using analytical 
equations. Hence, 1D simulation is beneficial for optimising systems 
and determining the theoretical upper limit of device efficiency, 
which is higher than experimental outcomes. By contrast, the 3D 
simulation is appropriate for identifying the optimal design char
acteristics of individual components because it considers every as
pect within systems. A 3D solver computes an electric field in all 
directions (X, Y and Z planes) by discretising the cell into extremely 
small blocks (a mesh). The size of an individual mesh is only a few 
nanometres. Therefore, 3D simulations require higher computa
tional efforts (memory and time) than 1D simulations. Fig. S6 pro
vides an overview of the different environments of the simulation. 
The findings of 3D simulations are in excellent agreement with the 
experimental results as confirmed in our previously published works  
[4,36]. Investigating the optical wave phenomena within a solar cell 
structure in three dimensions is essential to determine realistic 
photovoltaic performance [55–57]. Hence, as a second step, 3D FDTD 
optical simulations were carried out to study the electromagnetic 
wave propagation and optical characteristics of solar cells  
[36,58–60]. The optimised device structure was considered for the 
optical simulation, wherein complex refractive indices derived from 
the optical investigation of materials were used as input parameters. 
The optical wave propagation for the device was modelled over the 
wavelength range of 300–1000 nm, which was close to the fabri
cated CZTSe absorber bandgap (~1.25 eV). The incident plane wave 
was circularly polarised with an amplitude of 1 V/m. The FDTD si
mulation results for the electromagnetic field distribution within the 
solar cell further enabled the calculation of the power density, 
quantum efficiency (QE) and JSC of the solar cell [37]. A detailed 
discussion of power density, QE and JSC calculation is provided in the  
Supporting Information (Section S2). The maximum value of the 
collection efficiency is expected to be unity. Fig. 7(a) shows the 
calculated QE and corresponding integrated JSC of the investigated 

CZTSe solar cell. The QE exhibited large variation throughout the 
whole spectrum, and photons were absorbed up to 1000 nm, which 
well matched the theoretical estimation based on the obtained 
CZTSe bandgap. However, the calculated JSC of the solar cell was 
30 mA/cm2, which was almost 4.5 mA/cm2 lower than the JSC esti
mated by the 1D simulation. Nevertheless, such a discrepancy is 
acceptable for this study given that the optical simulation con
sidered a 3D environment. Compared with that in short wave
lengths, QE in long wavelengths exhibited a higher number of 
interference fringes due to several forward and backward wave 
propagations in the extended wavelength region. These optical 
phenomena can be further confirmed by the simulated power den
sity profiles for the incident wavelengths of 400, 650, 820 and 
980 nm shown in Fig. 7(c–f). 

CZTSe had a high absorption coefficient at short wavelengths. 
Hence, photon absorption was considerably higher in the short 
wavelength region than in the longer wavelength region. However, 
as shown in Fig. 7(d), in short wavelengths (< 400 nm), most incident 
photons were either absorbed through contact with the buffer layers 
or the CdS/ CZTSe interface, where photons travelled by a few 
hundred nanometres to the CZTSe layer. Such optical phenomena 
occurred due to the optical properties of the contact and buffer 
materials. Fig. S7 in the Supporting Information shows the complex 
refractive index (refractive index n and extinction coefficient k) of 
CdS and ZnO. Both materials were clearly demonstrated to have high 
absorption coefficients (α = 4πk/λ) for wavelengths below 400 nm. 
Beyond 400 nm, the extinction coefficient of ZnO was almost zero, 
whereas that of CdS was reduced to less 50%, which greatly influ
enced photon absorption (QE) in the solar cell. 

With the increase in wavelength (650 nm), the absorption in the 
absorber layer increased as also shown in Fig. 7(e). However, a fur
ther increase in wavelengths (Fig. 7[e]) led to a limit on the QE due 
to several constructive and destructive interferences. At 980 nm, 
photon absorption in the device was almost zero due to the material 

Fig. 7. Simulated (a) QE and integrated JSC, (b) absorption and reflection of the CZTSe solar cell. Cross-sectional power density maps of the investigated solar cell under 
monochromatic illumination of (c) 400 nm, (d) 650 nm, (e) 820 nm and (f) 980 nm. 
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properties of the deposited CZTSe film close to the bandgap; none
theless, a fraction of photons was considered lost due to the plas
monic effects at the metal/semiconductor interface as illustrated in  
Fig. 7(f). The investigated solar cell's electrical field distribution 
profiles are provided in Fig. S8 in the Supporting Information. These 
profiles can further validate the occurrence of optical wave propa
gation in the device. The investigated solar cells exhibited high re
flections because their planar front surface restricted the total 
photon absorption of the solar cells and did not contribute to the QE, 
JSC and PCE as shown in Fig. 7(b). Photon absorption can be improved 
by texturizing the surface or interfaces of solar cells; however, this 
topic is beyond the scope of the present study [66–68]. We limited 
our study to the optoelectronic characteristics of a basic CZTSe solar 
cell to realise our fabricated thin film's potential as an absorber. The 
CZTSe solar cell had an estimated realistic PCE of ~18.5% and could 
exhibit a JSC of 30 mA/cm2, VOC of 0.75 V and FF of 82%. We compared 
the solar performance of our investigated CZTSe with that of recently 
published best CZTSe solar cells, which are listed in Table 5, to 
provide further context. Our findings revealed that the proposed 
CZTSe solar cell can outperform all similar characterised CZTSe solar 
cells and advance the realisation of highly efficient CZTSe-based 
photovoltaic devices. 

4. Conclusions 

CZTSe thin film was prepared via a two-step reaction method 
from the CZT precursor and then deposited from the metal–MEA 
complex compound through selenization without hydrazine addi
tion. The deposited film's structural and optoelectronic properties 
were studied via necessary material characterisations that con
firmed its high quality and potential for use as a photovoltaic ab
sorber. The annealing temperature during film deposition had a 
great influence on the material properties of the thin film. Organic 
impurities gradually disappeared due to the effect of the elevated 
temperature and atmosphere. Notably, the composition of the films 
changed at elevated selenization temperatures. Organic impurities 
from organic residues gradually disappeared at 450 °C. An increase 
in selenization temperature led to an increase in the bandgap of the 
film. The optical and electrical characteristics of the CZTSe-based 
solar cells were studied via 1D and 3D numerical simulations to 
confirm the potential of the deposited CZTSe films. The SCAPS-1D 
simulation tool was used to investigate J–V characteristics, whereas 
optical characteristics were determined via FDTD optical simulations 
in 3D. The optimised bandgap of the CZTSe film was 1.25–1.27 eV, 
which resulted in an estimated PCE of 18.5% with a JSC of 30 mA/cm2, 
VOC of 0.75 V and FF of 82%. The proposed CZTSe solar cell can 
outperform all best solar cells with similar characteristics and pro
vide a breakthrough in CZTSe solar cells with high photovoltaic 
performance. We also provided a table comparing the photovoltaic 
performance of the CZTSe in this work with that of the best CZTSe 
solar cells in the literature. A detailed systematic investigation of the 
preparation and application in photovoltaic technology of the CZTSe 
films was discussed in this manuscript. 
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