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Abstract 

A Cu2ZnSnS4 (CZTS) film with a thickness of approximately 1.5 μm was fabricated on a 

Mo-coated glass substrate by annealing a CZTS precursor fabricated from nanoparticle ink. 

The chemical states of the elements in the CZTS thin film in the depth direction were studied 

to identify the presence of secondary phases, which are detrimental to the performance of 

solar cells containing CZTS. X-ray diffraction was unable to detect any secondary phases in 

CZTS because of their small relative amount. Instead, X-ray photoelectron spectroscopy 

(XPS), which is highly sensitive to chemical state, was conducted at different depths in the 

CZTS film to further check the presence of secondary phases. XPS analysis revealed peaks 

shift consistent with the presence of secondary phases. For the CZTS film annealed in a S 

atmosphere at 575 °C for 3 h, the film surface consisted of a secondary-phase layer composed 

of CuS, ZnS, and SnSx (x=1 or 2) originating from the decomposition of CZTS. At depths 

below 80 nm, the film was pure CZTS. Formation of MoS2 at the CZTS–Mo interface was 

confirmed by XPS analysis of Mo and S. 
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1. Introduction 

Kesterite Cu2ZnSnS4 (CZTS) has been recognized as a promising semiconductor for 

photovoltaic applications 1-3. An efficiency of 12.6% has been achieved for a CZTS solar cell 

fabricated by a non-vacuum method 4. The presence of secondary phases is a particularly 

serious problem for CZTS layers because they readily form due to the narrow region where 
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the pure kesterite phase exists 5, 6. Fairbrother et al.7 discussed the ability of secondary phases 

to degrade the performance of CZTS solar cells. However, secondary phases are difficult to 

detect by X-ray diffraction (XRD) because of their small relative amount 8. X-ray 

photoelectron spectroscopy (XPS) is widely used to identify different atoms including very 

small amounts because of its high sensitivity to chemical state. However, application of XPS 

for the identification of secondary phases of CZTS films has not been reported up to know. In 

this work, XPS is conducted on a CZTS film after sputtering to identify the distribution of 

secondary phases in the depth direction. 

2. Experimental Method 

A CZTS film with a thickness of approximately 1.5 μm was fabricated on an Mo-coated 

glass substrate by annealing a CZTS precursor fabricated from CZTS nanoparticle ink under 

a S atmosphere in a glass tube. The CZTS ink and precursor were fabricated as we described 

elsewhere9. The annealing temperature was 575 °C, and annealing time was 3 h. After 

annealing, the CZTS film was exposed to air for less than 1 h before being set in the high-

vacuum chamber (<10–5 Pa) of an X-ray photoelectron spectrometer. Thus, the oxide layer on 

the surface of the film can be neglected. Energy-dispersive spectroscopy was performed on 

the CZTS film to determine its atomic ratios, which were identified as 0.93 for Cu/(Zn+Sn) 

and 0.32 for Zn/Sn. 

3. Results and Discussions  

 Figure 1 shows the XRD pattern of the as-grown CZTS film before sputtering. Only 

peaks from kesterite CZTS were detected, indicating the pure CZTS phase was present 10. To 

clarify the existence of secondary phases in the CZTS layer, XPS measurements were 

conducted using an Mg Kα X-ray source with a maximum photon energy of 1253.6 eV.   

 

 

FIG. 1 XRD pattern of a typical as-grown CZTS film. 
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In-depth resolved XPS measurements were performed by sputtering the CZTS film with 

an Ar+ beam generated by a magnetically controlled system attached to the XPS chamber. 

The power of the Ar+ beam was controlled at 4.3 W with an acceleration voltage of 500 V 

and sputtering current of 8.6 μA to minimize the damage to the sputtered region. The 

sputtering rate was about 40 nm/min and sputtering times of 1, 2, 7, 15, and 35 min were used. 

After sputtering for each period, XPS measurements were conducted to determine the 

chemical state of atoms in the film.  

Figure 2 shows the XPS data for oxygen at different depths in the CZTS film. Spectrum of 

oxygen atoms just showed up on the surface of the as-grown film. The broad oxygen peak 

between 530.2 and 534.5 eV on the surface of the CZTS film was attributed to surface 

attracted molecular oxygen, which has been discussed elsewhere 11. After the film was 

sputtered of 40 nm (sputtering time: 1 min), the intensity of the oxygen peak decreased 

dramatically. When the film was sputtered further (sputtering time longer than 1 min), no 

oxygen peak was observed.  

 

 

FIG. 2 XPS analysis of oxygen at different depths in the CZTS thin film. Before etching 

(sputtering time: 0 min), and after etching to depths of 40 nm (sputtering time: 1min), 80 nm 

(sputtering time: 2 min), 280 nm (sputtering time: 7 min), 600 nm (sputtering time: 15 min), 

and 1.4 μm (sputtering time: 35 min). 
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FIG. 3 XPS analysis at different depths in a CZTS layer. (a) Cu 2p, (b) Zn 2p, (c) Sn 3d, and 

(d) S 2p. The inset is a magnified view of the S spectrum measured at the interface between 

CZTS and Mo.  

 

Figure 3(a) shows the Cu 2p spectra obtained at different depths in the CZTS film. At the 

surface (before sputtering), two peaks were observed at binding energies of 932.3 and 952.3 

eV, which shifted to 932.9 and 952.7 eV, respectively, after the film was sputtered for about 

40 nm (sputtering time: 1 min). The position of the Cu 2p peaks did not change when the film 

was sputtered further, meaning that the chemical state of Cu did not change throughout the 

film depth. The intensity of the Cu 2p spectra increased dramatically after sputtering until the 

sputtering time was 35 min, at which time only weak peaks of Cu 2p were observed. This 

indicates that the whole CZTS film had been removed by sputtering and that the Mo layer 

was not yet sputtered. The peak around 932 eV was assigned to Cu 2p3/2, while that at around 

952 eV was attributed to Cu 2p1/2. Peaks at 932.3 and 952.3 eV in the Cu 2p spectrum were 

consistent with Cu2S 12, 13, meaning that the surface of the CZTS film was covered by the 

secondary phase Cu2S. As the surface of the film was sputtered, Cu2S was sputtered as well. 

As a result, the peaks at 932.9 eV (Cu 2p3/2) and 952.7 eV (Cu 2p1/2) of the sputtered film 

originated from the Cu in CZTS 14. Although it has been reported that ternary compounds 

such as Cu2SnS3 and Cu3SnS4 may also exist on the surface of CZTS films 6, these 
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compounds were not identified in the Cu 2p spectra because of either the overlap of Cu 2p 

peaks with Cu2S or the absence of these phases.  

Figure 3(b) displays the Zn 2p spectra obtained at different depths in the CZTS film. The 

peak alignment was similar to that of Cu 2p (Fig. 2(a)). At the film surface (before sputtering), 

the peak at 1021.9 eV with a full-width at half-maximum of 1.7 eV was consistent with Zn 

2p3/2 of ZnS, and that at 1045.0 eV was attributed to Zn 2p1/2 of ZnS 15. After the film was 

sputtered, both Zn 2p3/2 and 2p1/2 peaks increased in intensity and their positions remained at 

the same binding energies. This indicates that the chemical state of Zn was the same 

throughout the CZTS layer. As a result, the CZTS film had Zn binding energies of 1022.3 eV 

for 2p3/2 and 1045.4 eV for 2p1/2. After the film was sputtered to a depth of 1.4 μm, the 

intensity of the peaks was very weak, indicating that the bottom of the CZTS film had been 

reached.  

The Sn 3d spectra obtained at different depths in the CZTS film are presented in Fig. 3(c). 

The sample before sputtering showed two peaks at 486.4 and 494.8 eV corresponding to Sn 

3d5/2 and Sn 3d3/2, respectively 16. The peak at 486.4 eV is consistent with Sn 3d5/2 in SnS, 

meaning the secondary phase SnS exists on the film surface 17. After the film was sputtered to 

a depth of 40 nm (sputtering time: 1 min), the Sn 3d5/2 peak shifted to 486.8 eV, which is 

assigned to Sn 3d5/2 in SnS2
 18, indicating that the dominant secondary phase is SnS2 rather 

than SnS in the sub-surface region of the CZTS layer. When the CZTS film was sputtered to 

a depth of 80 nm (sputtering time: 2 min), this peak shifted to 486.6 eV and then remained 

fixed with further sputtering. Thus, this peak was attributed to Sn 3d5/2 in CZTS. The 

intensities of the peaks attributed to secondary phases containing Sn were comparable or 

stronger than those of the peaks of CZTS. This is caused by the easy formation of SnS 

compounds during annealing. When the film was sputtered to a depth of 1.4 μm (sputtering 

time: 35 min), almost no peaks were observed in the Sn 3d spectrum.  

Figure 3(d) shows the S 2p spectra obtained at different depths in the CZTS film. The peak at 

a binding energy of around 161 eV was attributed to S 2p3/2, while that at around 163 eV 

originated from S 2p1/2. Although it was concluded that the secondary phases CuS, ZnS, and 

SnSx (x=1, 2) existed on the surface of the CZTS film judging from the Cu 2p, Zn 2p, and Sn 

3d spectra, only two peaks at 161.7 and 162.9 eV were detected for the surface S 2p spectra 

of the CZTS film because of the similar binding energies of S in ZnS (around 162.7 eV), CuS 

(around 162.5 eV), and SnSx (x=1, 2) (161.1 eV) 18. The inset in Fig. 3(d) displays a 

magnified spectrum of S near the interface between CZTS and Mo. Two peaks at 161.9 and 

163.1 eV were identified. Formation of MoS2 at CZTS–Mo interfaces has been widely 
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reported 19-21. The S 2p spectrum of MoS2 contains two separate peaks at 161.9 and 163.1 eV 

22. As a result, one possible assignment for these peaks is S 2p3/2 of MoS2 for the peak at 

161.9 eV and S 2p1/2 of MoS2 for that at 163.1 eV, although this requires further confirmation. 

The above spectra indicate that the surface of the CZTS film is covered by a thin layer (less 

than 40 nm thick) of secondary phases including CuS, ZnS, and SnS, followed by a thin layer 

(less than 40 nm thick) of the secondary phase SnS2 between the top secondary-phase layer 

and the CZTS bulk.  

The interface between CZTS and Mo was further studied to confirm the existence of MoS2 

by measuring the chemical state of Mo. Generally, the electrons in 3d orbitals display 

stronger XPS peak intensities than electrons in other orbitals for Mo species. Figure 4 shows 

the Mo 3d spectra obtained at different depths in the CZTS film. The standard Mo spectrum 

has two peaks located at binding energies of 227.7 eV for 3d5/2 and 230.9 eV for 3d3/2, which 

are marked in Fig. 4. When CZTS was sputtered to a depth of 600 nm (sputtering time: 15 

min), only a small peak was detected. To make this peak clear, the spectrum of Mo around 

227.7 eV was magnified, as shown in the inset of Fig. 4. The very weak Mo spectrum was 

attributed to the Mo film beneath the cracks in the CZTS film, which allowed source X-rays 

and photoelectrons from Mo to pass through. Although cracks also exist at the surface of 

CZTS, they are covered by a layer of secondary phases, which leads to Mo being almost 

undetected in the CZTS film. When the film was sputtered to a depth of 1.4 μm (sputtering 

time: 35 min), two strong peaks appeared at binding energies of 229.6 and 233.0 eV, both of 

which were assigned to Mo 3d  23. By checking the XPS database, these peaks were attributed 

to Mo in MoS2, which displays two peaks located at around 229 eV for Mo5/2 and around 233 

eV for 3d3/2
 18. These results are consistent with those obtained above for S. Therefore, the 

presence of a MoS2 layer between CZTS and Mo was confirmed by XPS analysis. 
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FIG. 4 Mo 3d spectrum at a depth of 600 nm (sputtering time: 15 min) and the interface 

between CZTS and the Mo substrate (sputtering time: 35 min). The peak positions of 

elemental Mo at 227.7 eV assigned to Mo 3d5/2 and 231.0 eV attributed to Mo 3d3/2 are 

marked in the spectra. The inset is a magnified view of the Mo spectrum around a binding 

energy of 227.7 eV.  

4. Conclusion  

In summary, the secondary phases in an annealed CZTS film were detected by XPS. After 

CZTS films were annealed in a S atmosphere, adsorbed molecular oxygen existed on the 

surface of the film. No oxygen was detected in the film bulk. The surface of the CZTS film 

was covered by a thin layer (less than 40 nm thick) of secondary phases including CuS, ZnS, 

and Sn. Below this layer, there was another secondary-phase thin layer (less than 40 nm 

thick) of SnS2. The total thickness of the region with secondary phases was less than 80 nm. 

In addition, ternary phases such Cu2SnS3 were not identified because of the absence of 

characteristic peaks in Cu and Sn spectra and lack of information about these compounds in 

the XPS database. Formation of MoS2 at the CZTS–Mo interface was confirmed by XPS 

analysis of S and Mo. 
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