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Abstract: Cu2MnSnS4 (CMTS) thin films are affected by several parameters related to different 

annealing including sulphur flux rate. In this paper, nontoxic CMTS samples were fabricated onto a 

soda glass lime substrate by spin-coating to investigate the effect of various sulphur flux rates on the 

crystal, topological and optical properties by using X-Ray diffraction, scanning electron microscopy, 

atomic force microscopy, and ultraviolet-visible spectrophotometer, respectively. The X-ray diffraction 

pattern showed that CMTS films had a main (112) oriented peak and crystallized in a stannite structure. 

The crystal parameters of CMTS thin films were changed depending on the increase of sulphur flux rate 

annealed at 550 °C for 90 minutes. The minimum value of dislocation value for CMTS film annealed 30 

sccm sulphur flux rate showed the better crystallinity of the film. The scanning electron microscopy 

images of films showed a decrease in the particle size related to the increased flux of sulphur. AFM 

images showed that CMTS samples annealed at 40 sccm H2S: Ar had some clumping in the surface 

topology while CMTS samples annealed at 30 sccm H2S: Ar thin films were uniformly distributed. 

Ultraviolet-visible spectroscopy (Uv-vis) measurements of the thin films revealed that CMTS film 

absorbed a high amount of photons as the sulphur flux increased. The energy band gap for the CMTS 

films was 1.22 and 1.15 eV for 30 sccm and 40 sccm H2S: Ar, respectively. This work showed that 

different sulphur flux has a significant effect on the structural and morphological properties of CMTS 

thin films. 
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1. Introduction  

Recently, the requirement for energy is rapidly increasing in both developed and developing 

countries due to rapid population growth, industrialization, and many other reasons. It is not possible to 

compensate for this demand with fossil fuels. Therefore, the use of renewable, cheap, and clean energy 

sources has become compulsory instead of fossil energy resources consumed rapidly and consequently 

polluting the environment. In recent years, solar cell technologies of nanostructure thin film based on 

chalcogene thin-film materials, particularly CuInSe2 [1], CuInGa [2], and CdTe [3], are still used in 

most of the production of photovoltaic devices. Nevertheless, the scarcity of some materials including 

In and Te in the crust of earth limits the future of solar cells based on CIGS and CdTe, which the 

extremely expensive [4]. Another problem is that CdTe-based solar cells are a threat to both the 

environment and health because Cd is a toxic element [5]. Because of these problems, researchers have 

sought to find more abundant and harmless materials on the earth.  
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Therefore, direct band gap metal chalcogen thin films have greatly reduced production potential 

for both raw material and processing requirements in photovoltaic technology. Because Cu2ZnSnS4 

(CZTS) is one of the most exciting alternatives as an absorber layer in thin-film solar cells [6]. As an 

alternative to quaternary Cu2CoSnS4 (CCTS), CuInGaS2 (CIGS), photovoltaic absorbers have attracted 

considerable attention in recent years [7]. CMTS is a semiconductor with multiple applications [8,9]. 

Thus far, solar cells based on Cu2MnSnS4 absorbers with conversion efficiencies of up to PCE = 1.8% 

have been developed [10], which form a tetragonal crystal structure similar to kesterite. It has a direct 

bandgap at 1.61 eV and a high absorption coefficient [11]. Therefore, it may be resistant to cation 

disorder, similar to the stannite Cu2FeSnS4. Liang et al. describe the synthesis of stannite and wurtzite 

CMTS nanocrystals via a hot injection approach [12].  

CMTS is an excellent p-type semiconducting material that has high absorption coefficient, direct 

energy band gap varying between 1.1 and 1.3 eV [13-15], and non-toxic and abundant elements in the 

earth. CMTS solar cells reached an 8.4% yield [16]. Zou et al. found that the nature of the sulfur 

precursor determines the formation and phase purity of the CZTS material synthesized by the 

hydrothermal reaction. Furthermore, this phase-control mechanism can be expanded to other quaternary 

Cu2MSnS4 (M = Cd2+, Mn2+) nanocrystal syntheses, where the relative reactivity of M2+ and the sulfur 

precursor plays a key role [17].   

Shape-controlled topologies have a significant role in the thin film's properties in the nanoscale 

region. Also, a lot of metals can be employed as doping elements to improve the quality of crystalline 

thin films' properties with excellent physical and chemical properties of nanostructured thin films. There 

are various methods to accumulate CMTS absorbers. These methods include electrochemical technique, 

sol-gel spin coating method, pulsed laser fabrication, thermal evaporation chemical vapor deposition, 

and magnetron sputtering, [18-23]. The sol-gel spin coating technique has some advantages. Usually, 

the spin coating is less costly than other methods and requires a simple preliminary preparation. Also, 

the sol-gel spin coating is one of the best coating methods for obtaining homogeneous and controlled 

films. For instance, Liu et al. deposited both undoped and 10% Na-doped CZTS thin films using the 

spin coating technique. They have shown that Na doping can suppress deleterious antisite defects and 

increase the grain size of CZTS thin films. They also reported improving electrical properties (increase 

in carrier concentration, mobility, and conductivity due to the NaZn shallow acceptor defect. The study 

revealed that the power conversion efficiency of the CZTS-based solar cells increased by 44% after Na-

doping [24].  
Sulphur flux has a large impact on the structural and optical properties of CMTS film. Thus, to 

get more light on the understanding of the effect of sulphur flux on the physical properties of CMTS 

films, more experimental studies are necessary. Although there are studies on CMTS films, there is 

limited information on the effects of sulphur flux on the structural and optical properties of CMTS films 

using the spin coating technique. Maeda et al. studied the influence of sulfurization temperature on 

preheated CZTS thin films. They annealed the film between 350 and 600 ◦C for 1 h under a 5% H2S + 

N2 atmosphere. The structural properties of the films indicated that the suitable sulfurization temperature 

in this work is not lower than 400 ◦C because of the formation of secondary phases including CuxS and 

sulfurization at 560 ◦C is the optimum condition in terms of absorption coefficient [25].  

The structure and microstructure of synthetic CMTS depend, among other things, on the nature 

of these precursors. The development of methods to synthesize CMTS as an absorber in solar cells 

containing abundant metals that are commonly found on Earth is important to the photovoltaic 

community due to the similarity of its crystal structure and bandgaps compared with CZTS/CZTSSe, 

and alongside its increased abundance of Mn compared to Zn [26]. 

We studied the influence of H2S: Ar (1:9) flow on the structural, topological, and optical 

properties of CMTS film. In this study, CMTS samples were formed on glass substrate by using the spin 
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coating method with different annealing conditions in order to get more information about Cu2MnSnS4 

quaternary semiconductor which needed further widespread works on crystal structure, morphological 

and optical properties. The physical properties of CMTS thin films formed by different sulphur flux 

rates were investigated according to production conditions. The properties of the obtained thin film were 

analyzed by X-Ray diffraction (XRD) for crystal structure analysis, scanning electron microscopy 

(SEM), atomic force microscopy (AFM) for morphological properties, and ultraviolet-visible (UV–vis) 

spectrophotometry.   

2. Experimental 

2.1. Preparation of CZTS films  

Cu2MnSnS4 films at various annealing conditions were deposited on well-cleaned glass substrates 

by the spin-coated method at a 240 °C substrate temperature. CMTS thin films at two different annealing 

conditions were deposited by employing a solution containing 0.1 M cupric chloride (CuCl2), 0.1 M 

manganese chloride (MnCl2), and 0.1 M tin (II) chloride dihydrate (Cl2Sn.2H2O) as copper, manganese 

and tin source, respectively. 0.269 g of cupric chloride, 0.252 g of manganese chloride, and 0.451 g of 

tin (II) chloride dehydrate separately stirred in 20 ml of ethanol, glacial acetic acid (GAA), and a small 

amount of diethanolamine to regulate pH values for 3 h at 300 K.  During the preparation of homogenous 

solutions, manganese chloride solution was added into cupric chloride solution, and finally, the 

corresponding amount of tin (II) chloride dihydrate solution was added to manganese chloride/cupric 

chloride solution. To obtain clear films and remove any residual waste, the SLG substrates were cleaned 

by boiling in sufficient quantities mixture of H2O (distilled water), NH3 (ammonia), and H2O2 (hydrogen 

peroxide) at 105 °C and then in sufficient quantities mixture of H2O, H2O2, and HCl (hydrochloric acid) 

at 105 °C before fabrication process. Then, each SLG substrate was cleaned in deionized water for 3 

min and dried. After obtaining the final solutions and cleaning the substrates, the CMTS films with 

2:1:1stoichiometric ratios were spin-coated on substrates at a rate of 5000 rpm for 55 s in air condition. 

The final solutions were grown onto the substrate by layer and layer and obtained layers were preheated 

to 240 °C for 10 min in air condition which was seen in Figure1. Having obtained 10 layers of CMTS 

films, the obtained samples were gradually annealed in the furnace at 30 and 40 sccm H2S: Ar (1:9) 

flows for 90 minutes at 550 °C, respectively. The sample names were given CMTS (I) and CMTS (II) for 

30 sccm and 40 sccm sulphur flux, respectively. 

 

 
 

Figure 1. Spin coating processing of thin film 
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2.2. Characterization 

The structural properties including phase identification and crystallographic construction of the 

obtained films were recorded via X-ray diffractometer patterns with monochromatic Cu Kα radiation 

using a Bruker D8 Advance diffractometer. The effect of sulphur flux on the CMTS’s structural, 

morphological, and optical properties was investigated in this study. The structural properties including 

phase identification and crystallographic construction of the obtained films were recorded via X-ray 

diffractometer patterns with monochromatic Cu Kα radiation using a Bruker D8 Advance diffractometer 

in the 2𝜃 ranges of 20–60°, step size = 0.02°, step time = 1 s, 𝜆 = 1.54187Å and 40 kV operating 

voltage as well as the current of 40 mA. The surface morphology of the films was investigated by SEM 

FEI Quanta 250 FEG scanning electron microscopy and Park System XE-100 atomic force microscopy 

AFM. The absorbance and the change of optical energy band gap of the obtained samples were recorded 

with a UV-Vis Spectrophotometer between the wavelength of 1100– 300nm. 

3. Results and Discussion 

3.1. Structural properties 

XRD spectrum played a much more important role in determining the orientation of peaks and 

crystalline properties of the obtained samples.  Figure 2 displays the XRD data of the CMTS film related 

to sulphur flux rate annealed in a quartz furnace at 550 °C. The XRD patterns of the CMTS(I) sample 

which exhibited 2𝜃 ≈ 28.23° could be indexed to the (112) planes of the stannite CMTS thin film, and 

the weak diffraction peaks at 46.64° and 47.13° could be indexed to the (220) and (204) planes of CMTS, 

respectively. As seen in Figure 2, the fact that the XRD patterns of the sample annealed at 40 sccm 

sulphur flux rate exhibiting a considerable sharpening peak which indicates a strong main peak around 

2𝜃 ≈ 28.72° could be indexed to the (112) planes of the kesterite Cu2MnSnS4 thin film, and the weak 

diffraction peaks at 47.55°, and 56.40°, could be indexed to the (112), (204), and (312) planes of a single 

zinc-blende structure, respectively.  

 

 

 
                          

Figure 2. XRD pattern of CMTS thin film 
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These results showed that the samples crystallized in a single zinc-blende structure owing to the 

absence of (101), (220), (204), and (312) with the structure of kesterite Cu2MnSnS4. Yang et al. [27] 

indicated that CMTS films obtained by sol-gel method crystallized in a similar structure which was 

associated with the cations with the random distribution. All these films annealed at 30 and 40 sccm 

sulphur flux rate showed the main (112) oriented peak. The peak’s intensity and full width at half 

maximum (FWHM) value of the main XRD diffraction peak became sharp and narrower with the 

increase in the sulphur flux rate, CMTS(I) indicating that (112) orientation had better crystallinity. The 

calculated interplanar spacing (𝑑), the crystal size (𝐷), the values of strain, and the dislocation density 

(𝛿) of all peaks for the CMTS thin films were given in Table 1. As seen in Table 1, the position of main 

peak 112) planes shifted from 28.23° to 28.72° for the films with increasing H2S: Ar flow rate. This shift 

was attributed to the increase of sulphur flux rate effect on the crystal structure of the obtained CMTS 

samples. As the sulphur flux rate increased from 30 to 40 sccm, a decrease in the FWHM and a change 

in the intensity of the all CMTS peak obtained by XRD data could be seen in Figure 2. The D value of 

the CMTS thin film was the smallest (24.45 nm), corresponding to the (204) peak for 40 sccm H2S: Ar 

flows. The Scherrer's equation which was used to determine the 𝐷 value of obtained samples from the 

XRD data was described as:  

 

𝐷 = 𝑘𝜆/𝛽𝑐𝑜𝑠𝜃                                                                                                                           (1) 

 

where λ was the wavelength of the XRD measurement system (𝜆 = 1.540056 Å), 𝛽 was the 

maximum FWHM value of the peaks, 𝜃 was the Bragg's angle in degree, and 𝑘 was the constant which 

showed shape factor (𝑘 = 0.89). As seen in Table 1, the 𝐷 corresponding to the main planes for the 

sample annealed at 30 sccm (53.2 nm) was higher than the one acquired at 40 sccm sulphur flux rate 

(28.8 nm). The calculated results displaying the 𝐷 value of the CMTS films changed with Sulphur flux 

rate. The largest crystal size value of the main peak showed the good crystalline quality of the sample. 

Table 1. Crystal parameters of CMTS thin films grown by spin coating  

 

𝑑 values of the all CMTS quaternary semiconductor were calculated by the Bragg's equation [28]: 

 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                                       (2) 

 

𝑛 was a constant which indicated the order of diffraction. The calculated interplanar spacing value 

of the 40 sccm sulphur flux rate thin films was lower than that of 30 sccm sulphur flux rate thin film 

(Table 1). 𝑛 was a constant which indicated the order of diffraction. As seen in Table 1, the calculated 

interplanar spacing value of the CMTS(II) thin film was lower than that of the CMTS(I) thin film.  

 

The 𝛿 value of CMTS film was calculated from the following relation [29]:  

 

𝛿 =
1

𝐷2                                                 (3) 

Sample 2θ(degree) Calculated 

d (Ǻ) 

FWHM 

(degree) 

Crystal Size 

(Ǻ) 

Strain Orientation 

 

CMTS (I) 

28.23 3.16 0.16 5.32 0.28 112 

46.64 1.95 0.20 4.54 0.20 220 

47.13 1.93 0.24 3.71 0.24 204 

 

CMTS (II) 

28.72 3.11 0.30 2.88 0.51 112 

47.55 1.91 0.37 2.45 0.37 204 

56.40 1.63 0.26 3.63 0.21 312 
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휀 value of all films which is one of the significant factors negatively affecting the crystal structure 

was calculated by the following equation [30]: 

 

휀 = 𝛽𝑐𝑜𝑠𝜃/4                                                                     (4) 

 

The calculated 𝛿 values of the main peak for 30 sccm sulphur flux rate changed between 3.54 x 

1014 m−2 and 7.25 x 1014 m−2. The calculated 𝛿 values of the main peak for 40 sccm sulphur flux rate 

changed between 7.62 x 1014 m−2 and 12.09 x 1014 m−2. The minimum value of calculated 𝛿 obtained for 

CMTS film annealed 30 sccm sulphur flux showed better crystallinity of the film because calculated 

𝛿 values were measurement of the amount of defect. As shown in Table 1, dislocation density displayed 

an increasing tendency from a value of 3.54 × 1014 m-2 to a value of 7.25 × 1014 m-2 and gave the smallest 

value of 3.54 × 1014 m-2 for the CMTS (I) thin film annealed at 550 °C, corresponding to the maximum 

value of crystal size. Since the dislocation value was a number of defects in a crystal structure, therefore, 

the minimum dislocation value obtained in CMTS (I) film approved the good crystallinity of the thin 

film. Very similarly, the strain value of the CMTS (II) sample for the main peak increased for the 

samples. Very similarly, the strain value of the annealed at 40 sccm H2S: Ar flows for the main peak 

increased for the samples. It was seen from these results that the increase of crystal size for CMTS thin 

film annealed at 30 sccm H2S: Ar flows was owing to the decrease in strain value. The 휀 value was 

consistent with the enlargement of the 𝑑 value of main plane. The formation of the defect center could 

be the induced presence of internal compressive strain [31]. A similar relationship between 𝐷 and 휀 and 

δ was reported. Chen et al. reported that obtained CMTS films were grown by sol-gel technique and 

annealed with the increase of temperature [32]. It was indicated that while the 𝐷 increased from 23.41 

to 46.82 nm, the strain of the samples decreased from 9.7 × 10−3 to 1.4 × 10−3 and the δ value displayed 

a decrease from 18 × 1014  to 7 × 1014 lines/m2 and obtained the lowest value of 4.5 × 1014 lines/m2 for 

the samples annealed at 580 °C in the furnace. 

3.2. Morphologic analyses 

The induced surface changes by varying sulphur flux were studied by SEM, as shown in Figure 

3(a-b). According to the SEM images in Figure 3 (a-b), the particle size reduction occurred when the 

annealing time duration was increased from 30 to 40 sccm sulphur flux rate. It could be suggested that 

an increase in the flux rate of sulphur could cause a decrease in particle size. Also, when the sulphur 

flux rate was increased from 30 to 40 sccm, the larger particles could be fragmented into smaller-sized 

particles. It was said that when the sulphur flux rate was increased, the particle growth deteriorated. The 

top observation SEM images displayed remarkable modifications with the variation of sulphur flux. 

Indeed, the film surface of the CMTS(II) sample was covered with randomly spread spherical grains in 

addition to visible agglomerated grains while the surface morphology of the CMTS(I) film appeared to 

be more uniform. These changes in surface morphology would have strong effects on optical properties 

including energy band gap and absorbance. Also, the SEM images of the samples were consistent with 

the crystal parameters acquired from XRD. In particular, there was a spongy growth containing tiny 

particles on the thin films [33] and larger particles were shaped on it. Conversely, region-by-region large 

particle size could occur at the high annealing temperature at high sulphur flux [33, 34]. The results 

from the study carried out by Olgar et al. of the surface topology of the thin films obtained by the sulphur 

flux rate at 550 °C annealed temperature utilizing different sulphurization times displayed similar results 

to our studies [35].  
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Figure 3 (a-b). a) SEM images of CMTS (I) film, b) SEM images of CMTS (II) film 

 

AFM images were obtained using Park System XE-100 to get the correlation between sulphur 

flux rate and the film topology. All the AFM images morphology was gained by scanning square areas 

of 12,5 µm × 12,5 µm at a temperature of 273 K. The figures showed the thin films with the structure 

of grain particles. The 3-D images of AFM of different annealing including sulphur flux rate were given 

in Figure 4. The figures indicated a 12,5 μm x 12,5 μm area of the thin films with the structure of rod-

like and grain particles. The results from obtained AFM images revealed that CMTS thin films were 

relatively smooth in the valley region while many crystals-like structures were in the hill region which 

displayed certain orientations. It was seen in AFM image that CMTS(II) sample had some clumping on 

its surface while the surface morphology of the CMTS(I) film appeared almost uniform. The CMTS 

film surface was not homogenous. It could be said that AFM images were consistent with the film 

structure acquired from SEM images.  

 

                           Figure 4. AFM images of CMTS(I) and CMTS(II) thin film, respectively 

3.3. Optical properties 

Absorbance and energy band gap is one of the most important optical parameters for CMTS thin 

film. Absorption of the thin films grown on substrates using spin-coating was measured in the range of 

1100–300 nm under monochromatic light. The absorption spectrum of the samples implemented by spin 

coating was shown in Figure 5. It was observed that as the sulphur flux rate of the obtained films 

increased, they absorbed a high amount of photons. Photon absorption of obtained thin films was 

reduced in the near-infrared wavelength region.  
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Figure 5. Absorption spectra of thin films 

 

It could be said that the change in absorption values was a result of the different crystal nature of 

the films and the Moss-Burstein effect [36]. The obtained results showed that the optical properties of 

CMTS films were modified depending on the sulphur flux rate. The variation in the absorption value of 

the films indicated that CMTS films could be applied in various optical applications including optical 

windows and this sample was suitable material for UV filter production. 

 

The band-gap (𝐸𝑔) of the CMTS samples was calculated using the relation of Tauc [37]. 

 

𝛼ℎ𝜐 = 𝐴(ℎ𝜐 − 𝐸𝑔)
2
                   (5) 

 

where 𝐴 is a constant, ℎ𝜐 is photon energy and the value of 𝑛 was taken to be 1 ⁄ 2. Figure 6. 

showed the plot of the optical energy band gap which was calculated by a straight line of (𝛼ℎ𝜐)2 (versus 

(ℎ𝑣)) in Tauc plot. As seen in the figure, the energy band gap was found as 1.22 and 1.15 eV for CMTS(I) 

and CMTS(II) thin film, respectively. According to XRD and SEM results, the crystal size decreased 

and the density of grain increased with the increase of H2S: Ar (1:9) flows. Thus, the possibility of the 

scattering of the electron at grain boundaries decreases, and electronic shift from the valence band to the 

conduction band occurs more easily, which outcomes in the decreasing of energy band gap value. 
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                           Figure 6. The energy band gap of thin films 

 

The seen change in 𝐸𝑔 value might be because of the difference in the crystallinity nature of the 

film. The decreasing of energy band gap values was owing to the effect of the change of crystalline 

quality in obtained films. Chen et al indicated that the (𝐸𝑔 ) values of CMTS quaternary semiconductor 

films were changed between 1.62–1.14 eV related to the temperature of post-annealing [32]. Yu et al. 

[38] reported that the energy band gap decreased related to the rise of the Cu/(Mn + Sn) ratio which 

improved the photovoltaic performance. Paier et al. reported that the energy band gap of films changed 

to higher energies as Cu/(Zn+Sn) decreased [39]. This change was due to the fact that the valance band 

of films was composed of a linear combination with antibonding between Cu 3d orbital and S 3p orbitals. 

Optical properties of samples were detected using conversion from Cu 3d/S 3p levels into conduction 

band; this could be attributed to changes in the band gap. 

4. Conclusion 

In summary, CMTS films were grown on a substrate of soda-lime glass by a spin coating method 

and annealed at 550 °C for 90 minutes in the furnace depending on the sulphur flux. The effect of sulphur 

flux on the structural, morphological, and optical properties of the film was investigated. It was observed 

that the CMTS(I) thin-film had (112) oriented main peaks with good crystallinity and low strain value. 

The XRD parameters including crystal size, dislocation density, and microstrain values were changed 

with increasing the H2S: Ar flow. The smallest value 3.54 × 1014 m-2 for the CMTS(I) thin film was 

annealed at 550 °C, corresponding to the maximum value of crystal size.  The crystallinity of the CMTS 

thin film was considerably improved at 30 sccm H2S: Ar flow. SEM images revealed that the larger 

particles could be fragmented into smaller-sized particles. AFM images revealed that CMTS thin films 

were relatively smooth in the valley region while many crystals-like structures were seen in the hill 

region. It was observed that the films absorbed a higher amount of photons as the sulphur flux increased 

and there is a decrease in the infrared region.  𝐸𝑔 values of the films were calculated as 1.22 and 1.15 

eV for CMTS(I) and CMTS(II), respectively. It is said that the H2S: Ar flow was effective on the energy 

band gap and the crystalline quality in obtained films. As a result, CMTS(I) with optimal properties was 

determined to be used as an absorber layer in a solar cell and the variation in the absorption value of the 

films indicated that CMTS(I) flux could be also applied in various optical applications including optical 

windows and UV filter production. In this study, we experimentally showed that the cationic 
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substitution of Zn by Mn could change the physical properties including absorbance and energy band 

gap of CZTS material. 
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