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Abstract: 

The presence of secondary phases is one of the main issues that hinder the growth of pure 

kesterite Cu2ZnSnS4 (CZTS) based thin films with suitable electronic and junction properties 

for efficient solar cell devices. In this work, CZTS thin films with varied Zn and Sn content 

have been prepared by RF-power controlled co-sputtering deposition using Cu, ZnS and SnS 

targets and a subsequent sulphurization step. Detailed TEM investigations show that the film 

shows a layered structure with the majority of the top layer being the kesterite phase. 

Depending on the initial thin film composition, either about 1m Cu-rich and Zn-poor 

kesterite or stoichiometric CZTS is formed as top layer. X-ray diffraction, Raman 

spectroscopy and transmission electron microscopy reveal the presence of Cu2-xS, ZnS and 

SnO2 minor secondary phases in the form of nanoinclusions or nanoparticles or intermediate 

layers.   

1. Introduction: 

Cu2ZnSnS4 (CZTS) is a promising earth abundant, non toxic and low cost material having 

optical and electrical properties suitable for third generation photovoltaic applications
 1

. It is a 

p-type semiconductor which has an optimal direct band gap of 1.5 eV and a high absorption 

coefficient   10
4
 cm

-1 
that makes it suitable as an absorber layer in thin film solar cells

 2-3
. 

CZTS has already been synthesized by various methods, including electron beam deposition 

4
, sputtering 

5-6
, thermal evaporation 

7
, spray pyrolysis 

8
, ink-based approaches

 9
, SILAR 

method
 10

, pulsed laser deposition 
11

, fast co-evaporation 
12

, sequential electro-deposition 



process 
13

, sol-gel method
 14-15

, precipitation reaction in hot organic solutions 
16

 and chemical 

bath deposition 
17

 etc. Among these, the highest power conversion efficiency for pure CZTS 

based solar cell devices is reported to be 8.4% for a device obtained by thermal evaporation, 

while a Se doped CZTSSe based device obtained using a hydrazine pure-solution approach 

has achieved 12.6% 
18-19

. Sputtering is a widely preferred method for large scale deposition 

due to its reproducibility. However, since different elements have different sputtering rates, 

using a CZTS alloy target normally results in a large deviation from the desired stoichiometry 

20
.  Controlling the stoichiometry is one of the most important goals to be achieved in a 

synthesis process and it plays a significant role in the final outcome in terms of efficiency of 

the solar cell
 20

. As a multi-component material, CZTS has a quite complex phase diagram 
21

. 

Those multiple components make it possible to tune the structural, optical and electrical 

properties by varying the composition, but this may result in the segregation of secondary 

phases 
22

. Therefore, to further improve the efficiency of CZTS solar cells made through 

sputtering, it is important to systematically study the growth behaviour of secondary phases 

during CZTS growth 
23

. In most of the reported studies the growth of the CZTS phase has 

been carried out close to Cu2ZnSnS4 stoichiometry
 20

. In this paper, on the contrary, CZTS 

thin films have been intentionally grown in conditions resulting in compositions far away 

from those required for the stoichiometric CZTS phase, in order to study the growth of the 

secondary phases. We have synthesized CZTS thin films of varying composition by co-

sputtering deposition followed by a sulphurization process. The presence of kesterite and the 

secondary phases was detected on a macroscopic scale by X-ray diffraction and Raman 

spectroscopy. The nanoscale characterization of their presence and distribution is carried out 

using advanced transmission electron microscopy on cross-sections of the films. 

2. Experimental:  



CZTS thin films were synthesized by radio frequency (13.56MHz) magnetron sputtering of 

Cu, ZnS and SnS precursor targets (2” inch diameter, 4mm thickness and 99.99% purity) on 

n-type Si (100) and glass substrates. The deposition rate (rf-power) of the targets was 

individually changed to vary the stoichiometry of CZTS thin films. The thin film samples S1, 

S2 and S3 were deposited with increasing rf-power of 40, 50 and 60W to SnS target, 

respectively and keeping other two targets of Cu and ZnS at constant power of 40W and 

75W, respectively. Similarly, thin films S4, S5 and S6 were deposited with increasing rf-

power of 80, 100, 110W to ZnS target, respectively and keeping rest of two targets Cu and 

SnS at constant rf-power of 40W and 50W, respectively. Prior to the deposition process, the 

substrate surface was cleaned by ultrasonication in acetone, propanol and deionised water 

followed by drying with nitrogen gas. The pre-deposition chamber was evacuated to 2.3×10
-

6 
mbar and the Ar-gas working pressure was maintained at18-20 mTorr. During the growth 

of the CZTS thin films, the chamber was purged with Ar-gas flowing at 15 SCCM and the 

deposition time was 60 minutes for all samples. Thereafter, the films were placed in a two 

zone furnace for the sulphurization, where sulphur powder was placed in one zone at 240
o
C 

and the samples were placed in another zone at 560
o
C and annealed for 60 minutes. The 

flow of sulphur vapour was controlled by Ar carrier gas. The structural properties of the films 

were characterized by X-ray diffraction (Rigaku, ULTIMA IV, CuK) and micro-Raman 

spectroscopy (Renishaw invia confocal Raman microscope, laser532nm, power 1mW, 2400 

lines per mm grating). The thin film lamellas for cross-sectional TEM analysis were prepared 

on Be supports using the focussed ion beam (FIB) technique. Prior to this, the surface of the 

thin films was examined by SEM. High resolution TEM (HRTEM), high angular annular 

dark field STEM (HAADF-STEM) images and energy dispersive X-ray spectroscopy 

combined with scanning TEM (EDX-STEM) were acquired at a FEI Osiris microscope 

operated at 200kV and equipped with a super-X detector.   



3. Results:  

3.1 Structural analysis 

The two series of CZTS thin films with varied tin (S1-S3) and zinc (S4-S6) content were 

synthesized for the detailed study of the formation and distribution of the secondary phases. 

As a first step, the crystal structure and the presence of different phases were investigated 

using the macroscopic characterization techniques of X-ray diffraction and Raman 

spectroscopy. The Sn concentration is increased from sample S1 to sample S3 by increasing 

the rf-power on the SnS target. The XRD analysis of the S1-S3 thin film samples show that 

they primarily consist of the kesterite phase (Fig.1) as high intensity reflections are in 

agreement with the kesterite CZTS phase (PCPDFWIN No. 26-0575), whereas the less 

intense peaks can be attributed to Cu2-xS 
24

 (PCPDFWIN No. 850620) and SnO2 

25
(PCPDFWIN No. 721147). As the Sn concentration increases from S1 to S3, the presence 

of SnO2 becomes more noticeable in the XRD spectra of S2 and S3. The Raman spectra of 

samples S1-S3 are shown in Fig 2. In all the samples peaks are observed at 338 cm
-1 

and 288 

cm
-1

, which
 
correspond to the kesterite phase 

26
,while the peak detected at 473 cm

-1 
is 

attributed to Cu2-xS 
27

. The CZTS thin films in the S4-S6 series were prepared with varied Zn 

content by increasing the rf-power of the ZnS precursor target. Fig.3 shows the XRD pattern 

of the CZTS thin film samples S4-S6, where all major peaks are in agreement with the 

kesterite CZTS phase. The only impurity of crystalline nature is SnO2. Apart from CZTS, a 

very intense peak corresponding to Cu2-xS can be seen in the Raman spectra (Fig.4). The 

difference between the results obtained by XRD and Raman analysis is due to the inability of 

XRD to detect amorphous phases whereas Raman analysis is sensitive to both crystalline and 

amorphous phases.   

3.2 EDX analysis of thin films S3 and S6  



The overall chemical compositions of the S3 and S6 thin films were analysed by energy 

dispersive X-ray analysis (EDX). The stoichiometry parameters for the thin film sample S3 

are: Cu/(Zn+Sn) 1.7, Zn/Sn 0.3 and S/(Cu+Zn+Sn) 0.6, while for the thin film sample S6 

these values are  1.4, 0.9 and 0.6, respectively. In terms of the overall chemical 

compositions in the film, sample S3 is Cu-rich and Sn-rich while sample S6 is Cu-rich. 

3.3 TEM analysis of CZTS thin film sample S3  

The Sn enriched S3 thin film is 2.6 m thick and has a varied morphology (Fig.5a and 6a). Its 

cross-section image shows three main layers: a ~1 m dense top layer (L1), a 0.5 m 

intermediate layer (L2) and a 1 m dense bottom layer (L3) (Fig.6a). Additionally, a 200 nm 

porous interface layer (L4) between the Si-substrate and CZTS thin film is observed. Fig.7(a) 

shows that the top layer (L1) consists of 800 nm crystallites along with small 30-100 nm 

particles. The L2 layer contains 20-80 nm pores and is formed by 10-20 nm particles, while 

in the L3 layer there are 5-20 nm spherical and 50×100 nm  elongated particles (Fig.7b, c). 

This indicates a better crystallinity and large crystallite growth in the top layer L1 in 

comparison to the layers L2 and L3. The exposure of the top layer to the S vapour seems to 

assist in the crystallite growth.  Most of the rings on the ring diffraction pattern of sample S3 

can be either CZTS or sphalerite ZnS, except those with a d-value higher than 3.1 Å, i.e. 

(101) and (110), which cannot be ZnS and therefore confirm the presence of kesterite CZTS 

(Fig. 8a). STEM-EDX mapping was used to obtain the distribution of the elements within the 

cross-sectional lamella. The surface of the thin film is covered with 150-400 nm Cu2S 

particles (Cu: S=66.3:33.7). The layer below (L1) consists of Cu, Zn, Sn, S elements having  

𝑆

(𝐶𝑢+𝑍𝑛+𝑆𝑛)
 ≈0.7 ratio (Table.1). A similar composition is found in layer L3, which is 

separated from L1 by the Sn and O enriched layer L2. Since the tin and oxygen maps 

replicate each-other (Fig.9), it can be concluded that oxygen is present only in tin oxide form. 



The presence of SnO2 phase is also confirmed by electron diffraction and by the XRD pattern. 

Furthermore, layer L4 comprises mainly of SnO2 phase, while in layer L3 SnO2 is found in 

minor amount. In order to figure out the origin of the 30-100 nm particles in the L1 layer (as 

visible in Fig.7a), this region was thoroughly studied at a higher magnification. The area free 

of the particles has Cu: Zn: Sn: S = 2.64:0.67:1.20:3.49 stoichiometry with 
𝐶𝑢

(𝑍𝑛+𝑆𝑛)
= 1.4, 

𝑍𝑛

𝑆𝑛
= 0.6 and 

𝑆

(𝐶𝑢+𝑍𝑛+𝑆𝑛)
 = 0.8 ratios, which shows the presence of the Cu-rich and Zn-poor 

kesterite phase in layer L1 (Fig.10). The areas covered with bright particles in the HAADF-

STEM image have more Cu and less S (Cu: Zn: Sn: S = 3.15:0.55:1.04:3.26) than the area 

free of particles. It means that this region contains Cu2-xS particles along with CZTS phase.    

3.4 TEM analysis of CZTS thin film sample S6 

 The S6 thin film is 2.2 m thick and by analogy with sample S3, three layers can be 

distinguished, i.e. a 0.8 m top layer (L1), 1.2 m intermediate layer (L2) and 0.2 m bottom 

interface layer (L3) (Fig.6b). The L1 layer comprises of loosely packed 200-400 nm 

crystallites with 200-300 nm pores in between (Fig.11a). Layers L2 and L3 are formed by 

10-50 nm crystallites and contain 15-30 nm and 100-200 × 30 nm elongated pores, 

respectively (Fig.11b, c). By means of SAED it was revealed that the crystallites residing in 

L1 correspond to the kesterite phase with approximate unit cell parameters a=5.3 Å and 

c=11.0 Å (Fig.8b). The L2 layer also contains the CZTS phase along with SnO2 (Fig.8d). In 

comparison to L2, it is hardly possible to distinguish the tin oxide reflections in the electron 

diffraction ring pattern of the L1 layer. Therefore, it can be concluded that kesterite is the 

main phase in L1 (Fig.8c). On the EDX-STEM maps the elemental distribution in layer L1 is 

more uniform than in the other layers (Fig.12). However, Zn segregates at the top of the 

CZTS crystallites, forming 100-200 nm ZnS particles. The Cu content in layer L2 is higher 

than in L1 (Table.2), since it contains Cu2-xS, which can be clearly distinguished in the 



HAADF-STEM image as bright ~200 nm particles (Fig.12 a, b). The presence of Cu2-xS is 

consistent with the Raman spectrum (Fig.4). The O content is insignificant and mainly 

resides at the bottom of the thin film (L3) in tin oxide form (Fig.12c). The EDX-STEM maps 

of the L1 layer show that the distribution of the elements is uniform in the regions of the 

CZTS crystallites (Fig.13). The element content in this region is Cu: Zn: Sn: S = 2.21: 1.21: 

1.07: 3.51 and the ratios are   
𝐶𝑢

(𝑍𝑛+𝑆𝑛)
= 0.97,    

𝑍𝑛

𝑆𝑛
= 1.13  and 

𝑆

(𝐶𝑢+𝑍𝑛+𝑆𝑛)
 = 0.78, which is 

close to Cu2ZnSnS4 composition.    

4. Discussion 

As stated earlier, the deposition of CZTS thin films in this study was deliberately done under 

conditions far away from those required for stoichiometric compositions. The complex nature 

of the kesterite phase formation was demonstrated by phase analysis as a function of the 

initial compositions. XRD spectra substantiated that the SnO2 phase increases with increasing 

Sn content, i.e. from sample S1 to S3, but it was insignificant in the samples with increasing 

Zn content (S4 to S6). A Cu-rich composition (
𝐶𝑢

(𝑍𝑛+𝑆𝑛)
> 1 ) results in a porous sulphurized 

film 
28

, as is also found in our TEM analysis of sample S3 (layer L2) and sample S6 (layer 

L3). This is because of the fact that Cu is known to react easily with sulphur vapour 
28-29

. 

Here, we see the effect of the  
𝐶𝑢

(𝑍𝑛+𝑆𝑛)
 ratio: 

𝐶𝑢

(𝑍𝑛+𝑆𝑛)
~1.7 results in a higher percentage of 

kesterite phase layer (1m thickness) (sample S3) than 
𝐶𝑢

(𝑍𝑛+𝑆𝑛)
~1.4 which results in an only 

800 nm thick kesterite CZTS layer (sample S6) 
28

.   A higher Cu-concentration resulted into 

a larger crystallite size of 800 nm in sample S3 and 200 nm in sample S6 but Cu-rich 

composition also gives a higher percentage of Cu2-xS. The formation of CZTS is initiated 

with the formation of Cu2SnS3 from the reaction of Cu2-xS with SnS2, then the subsequent 

reaction  with ZnS results in the formation of Cu2 ZnSnS4
29-30-31

. Since SnS is highly volatile 

in nature at a temperature over 400
o
C, the loss of SnS becomes inevitable and results in 



phase separation, 𝐶𝑢2𝑍𝑛𝑆𝑛𝑆4(𝑠) ↔ 𝐶𝑢2𝑆(𝑠) + 𝑍𝑛𝑆(𝑠) + 𝑆𝑛𝑆(𝑔) +
1

1
𝑆2(𝑔)32

. The CZTS 

samples were annealed at 560
o
C for 60 minutes, which can be a possible cause of the 

appearance of Cu2-xS amorphous phase particles in sample S3 (Fig.9) and ZnS particles along 

with Cu2-xS particles in sample S6 on the top surface (Fig.12). According to the TEM results 

(Fig.10), the surface and L1 layer of sample S3 contain regions with Cu2-xS and SnO2 

composition. The Cu2-xS particles residing on the top surface of the thin film (S3) are non-

uniformly distributed. SnO2 particles are observed in the intermediate layer and near the 

bottom interface (Fig.9, 10). The results of the present study indicate that the Zn/Sn ratio is 

an important parameter determining the stoichiometric and uniformity of the kesterite phase 

in the top layer. Beside the bulk phase and grains size of the absorber layer, the stoichiometry 

of the top layer is another crucial factor in deciding photovoltaic device performance 
33

. The 

top layer (L1) of S3 is Cu rich and Zn poor, while for sample S6 it is Cu-rich and Zn-rich, so 

the resultant compositions of the top layer are different from the rest of the film. Due to the 

high absorption coefficient of the CZTS absorber layer, more than 90% of the incident 

photons are absorbed in the first  200nm (from the top junction side) of the CZTS layer 
33

. 

Therefore, the phase purity of the top layer determines the overall photovoltaic device 

performance. However, the overall initial composition of the thin film determines the 

formation of kesterite phase along with possible secondary phases. The initial composition 

also affects the thickness of the top layer. This work confirms that the stoichiometry of the as 

deposited CZTS thin film and the sulphurization conditions are vital for obtaining a single 

phase CZTS absorber layer. 

5. Conclusion 

The present study shows that, after the sulphurization step, CZTS films with a starting 

composition far away from the stochiometric value comprise of different layers with different 

morphology, composition and secondary phases. The top layer of the CZTS thin films always 



contains kesterite phase. Cu2-xS, ZnS and SnO2 nanoscale crystallites are present in the 

intermediate layer and at the interface between CZTS and the substrate. The thickness of the 

top kesterite layer and the crystallite size is observed to be related to Zn/Sn concentration in 

the as deposited thin film. Control over the initial Zn/Sn ratio is important for achieving 

uniformity and purity of the kesterite phase, especially in the top layer.  
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Table.1 Cu/Zn/Sn/S content in layers L1, L2, L3 and L4 of S3 sample (in at. %). 

Element Layer L1 Layer L2 Layer L3 Layer L4 

Cu 36.8  34.6  39.3  45.5  

Zn 7.4  4.6  6.6  3.0  

Sn  14.2  30.0  16.2  22.3  

S 41.6  30.8  37.9  29.2 

 

 

Table.2 Cu/Zn/Sn/S content in layers L1, L2 and L3 of S6 sample (in at. %). 

 

 

 

 

 

 

 

 

Fig.1 X-ray diffraction patterns of CZTS thin films with varied Sn concentration (S1-S3).   

Element Top layer L1 Dense layer L2 Bottom Layer L3 

Cu 31.96 34.83 23.28 

Zn 15.03 11.72 15.27 

Sn 10.95 16.87 26.16 

S 42.06 36.58 35.29 

Manuscript Tables and Figures 



 

 Fig.2 Raman spectra of CZTS thin films with varied Sn concentration (S1-S3).   

 

Fig.3 X-ray diffraction patterns of CZTS thin films with varied Zn concentration (S4-S6). 

 

Fig.4 Raman spectra of CZTS thin films with varied Zn concentration (S4-S6).   



 

Fig.5 SEM images of the surface of (a) S3 and (b) S6 samples.   

 

Fig.6. TEM image of the cross-section lamella of (a) S3 and (b) S6 thin films.  
 

 

Fig.7 (a) TEM images of L1 (top layer), (b) L2 and  (c) L3 layers of S3 sample.   

 



Fig.8 The selected area ring diffraction patterns of (a) the sample S3, (c) layer L1 and (d) 

layer L2 of S6. Green and yellow curves correspond to kesterite CZTS and SnO2, 

respectively. (b) In zone SAED of crystallite from L1 layer of sample S6, corresponding to 

the [201] diffraction pattern of kesterite.  

 

Fig.9 (a) HAADF-STEM image and (b, c) EDX-STEM maps of sample S3. The maps are 

presented in atomic fractions. Cu2S particles reside at the top (marked by arrows).  

 

 

 

Fig.10 (a) HAADF-STEM image and (b-f) EDX-STEM Cu/Zn/Sn/S/O element maps of layer 

L1 in sample S3.The maps are presented in counts. The areas used for the element content 

estimation of kesterite phase (black circles) and Cu-enriched areas (green circles) are marked 

in (a). The SnO2 particles are seen in Sn and O maps (white arrows).  

 



 
 

Fig.11 TEM images of (a) top (L1), (b) middle (L2) and (c) bottom (L3) layers of S6 sample.   

  
Fig.12 (a) HAADF-STEM image and (b, c) EDX-STEM maps of sample S6. The maps are 

presented in atomic fractions. ZnS particles reside at the top (marked by red arrows). The 

Cu2-xS particles can be distinguished in HAADF image and Cu map (white arrows). Oxygen 

is mainly situated at the bottom (black arrows in (c)).  

 

 
Fig.13 (a) HAADF-STEM image and (b-f) EDX-STEM Cu/Zn/Sn/S/O element maps of layer 

L1 in sample S6. The maps are presented in counts. The areas used for the element content 

estimation of kesterite phase (black circles) are marked in (a). The Cu2-xS particles can be 

distinguished in HAADF image and Cu map (marked by red arrows).  
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Graphical Abstract  

 

The detailed TEM investigations of the off-stoichiometric CZTS thin films 

shows  a multilayer structure with kesterite phase in top layer (T) and 

secondary phases (SnO2, Cu2S etc) in intermediate (I), bottom (B) and 

substrate interfacial (S) layers (the multilayer structure for sample S3 is 

shown here). The crystallite size and the stoichiometry of the top layer can 

be controlled by changing the initial composition of the as deposited layer.    
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