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Compositional and structural studies of Cu,ZnSnSe,4 (CZTSe) thin films were carried out by X-ray diffraction,
energy dispersive X-ray spectroscopy (EDS), particle induced X-ray emission (PIXE), photoluminescence, and
Raman spectroscopy. CZTSe thin films with different compositions were deposited on sodalime glass by co-
evaporation. The composition of the films measured by two different methods, EDS and PIXE, showed significant

differences. Generally, the Zn/Sn ratio measured by EDS is larger than that measured by PIXE. Both the micro-
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sample.

PIXE and the micro-Raman imaging results indicated the compositional and structural inhomogeneity of the

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

CuyZnSnSe, (CZTSe) thin films have attracted much attention re-
cently due to their application as an absorber layer of thin film solar
cells. Because CZTSe does not contain scarce materials such as indium
and gallium, it is thought to be more suitable for mass production. The
band gap of CZTSe has been determined to be approximately 1.0 eV
[1,2]. Its crystal structure is considered to be kesterite based on neutron
scattering measurements [3], but with only 3-4 meV/atom difference
from the stannite structure [4,5]. So far, most studies on CZTSe thin
films have been focused on optimizing the solar cell performances, but
the material properties at the microscopic scales have not been investi-
gated thoroughly. Various methods have been used to grow CZTSe in-
cluding both non-vacuum and vacuum methods. So far the highest
efficiency of 9.2% has been achieved by the sputtering method [6]. Ex-
perimentally, the composition of Cu/(Zn + Sn) ~ 0.8 and Zn/Sn ~ 1.2
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has given the highest solar cell efficiencies [7-9]. Chen et al. theoretical-
ly explained that defect clusters such as Cug,, + Snz, and 2Cuz, + Snz,
can form even in stoichiometric samples and that Zn-rich and Cu,
Sn-poor conditions are required to prevent their formation and in-
crease the efficiency [10,11]. However, formation of secondary phases
such as ZnSe, Cu,SnSe; (CTSe), and CuSe is difficult to avoid under
this nonstoichiometric condition. Also, such secondary phases may be
distributed inhomogeneously throughout the film [12,13]. Therefore, a
precise knowledge of the composition in microscopic scale is essential
in fine-tuning the growth conditions for the best solar cell perfor-
mances. The composition values in most studies are obtained from
energy-dispersive X-ray-spectroscopy (EDS) or X-ray fluorescence
measurements. However, these techniques are not sensitive enough
to determine the composition at the ug-g~' level [14]. Proton-
induced X-ray emission (PIXE), on the other hand, uses a proton
beam of mega-electron-volt energy which generates many orders of
magnitude less bremsstrahlung radiation than kilo-electron-volt
electron beam used in EDS, giving PIXE an analytical sensitivity several
orders better than that of EDS [15]. Furthermore, the proton beam
can be focused so that local composition in micro-meter scale can
be probed. Therefore, the PIXE technique gives more accurate
results with high sensitivity and spatial resolution and has been
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used in various elemental analysis applications [14,15]. In this work,
we compared PIXE measurements with EDS results from CZTSe
samples and found that the PIXE results are more consistent with
photoluminescence (PL) and Raman spectroscopy measurements.

2. Experimental details
2.1. Samples

Four different samples were deposited on Mo-coated sodalime glass
using an electron-beam evaporation system. We used 99.999% Cu, Zn,
Sn and Se raw materials from CERAC (U.S.A.). In order to deposit the
films homogeneously, the substrate was rotated during the deposition
process. Also, the temperature of the substrate was kept at 400 °C in
order to minimize Sn loss and formation of secondary phases [16]. We
controlled the deposition rate and the deposition time of each sources
to make four different samples with different compositions. The details
of the e-beam evaporation system and the deposition process are
described in Ref. [17]. The thicknesses of the samples vary from 1.25
to 2.25 um as obtained by secondary-ion mass spectroscopy depth pro-
filing measurements.

2.2. Measurements

Structural investigations were carried out using an X-ray diffractom-
eter DRON 4-07 (Ni-filtered Ko radiation of a Cu anode). The spectra
were registered in the angle range (26) of 10° to 90°, where 26 is the
Bragg angle. The phase analysis was carried out by comparing
interplane distances and specific intensities of the diffraction patterns
from the samples with the data from JCPDS (CZTSe 01-070-8930). The
proton microprobe with the PIXE technique (micro-PIXE) [18] was
used to obtain elemental concentrations in the region of interest and
to map element distributions. The energy of the proton beam was
1.5 MeV, the probe dimension about 4 um, and the collected charge
~5 % 10~ 1% C/pixel. The scan region was 50 x 50 pixels?, with a scan-
ning step of 4 um. Elemental concentrations were also measured with
an EDS system, attached to a scanning electron microscope with an ac-
celeration voltage of 15 kV. Calibration was done by using Co as a stan-
dard element. Raman spectroscopy measurements were carried out in
ambient conditions with three lasers as excitation sources: the
632.8 nm-line of a He-Ne laser, the 514.5 nm-line of an Ar* laser, and
the 441.6 nm-line of a He-Cd laser. A laser beam with a power of
~20 mW was focused to a line of ~5 mm x 50 um in a quasi-
backscattering configuration. Jobin-Yvon TRIAX 320 (632.8 nm laser)
and TRIAX 550 (514.5 and 441.6 nm lasers) spectrometers
(1200 grooves/mm, blazed at 500 nm) were used to disperse the sig-
nals. The slit width was fixed at 0.1 mm and a pair of RazorEdge
ultrasteep long-pass edge filters (Semrock) was used to eliminate the
laser signals. The signals were detected with a liquid-nitrogen-cooled
or thermoelectrically-cooled back-illuminated charge-coupled-device
detector array. Micro-Raman measurements were performed by
focusing the laser beam with a 50 x microscope objective (0.8 N.A.) to
a spot of ~1 pm in diameter. Micro-Raman imaging measurements
were carried out by using the 514.5-nm laser with a power of 1 mW.
Low temperature PL measurements were carried out in a liquid-
helium closed-cycle refrigerator system at 8 K. A 514.5-nm laser
with a power of 2 mW was used as the excitation source. The laser
beam was focused to a sample by using a spherical lens to a ~50 pm
diameter spot. The luminescence signal was dispersed and detected
with a TRIAX 320 spectrometer with a grating of 600 grooves/mm,
blazed at 1000 nm, and a thermoelectrically cooled InGaAs
photodiode, respectively. The second order signal of the laser line was
eliminated by using a long-pass color filter (RG 830), transparent to
wavelengths of >830 nm.

3. Results and discussion
3.1. X-ray diffraction (XRD)

Fig. 1 shows the XRD results of the four samples. All samples show
strong (112), (204), and (312) peaks which are usually assigned to
kesterite CZTSe [1,19,20]. There are several weaker peaks also corre-
sponding to kesterite CZTSe. This result indicates that the samples are
polycrystalline having preferred directions, as others have already dis-
covered. The lattice constants a and c of the CZTSe were estimated
from the XRD data, and the results are listed in Table 1. The lattice
constants of the samples are almost the same; a = 0.5664-0.5687 nm
and ¢ = 1.1347-1.1378 nm. The values are close to the reported ones
[19,20]. However, the major peaks overlap with peaks from possible
secondary phases such as ZnSe and Cu,SnSes. Therefore, the XRD data
alone is not sufficient to identify the thin films as kesterite CZTSe.

3.2. EDS and PIXE

For the compositional analysis, we carried out EDS and PIXE mea-
surements, and the results are shown in Fig. 2 and Table 2. Fig. 2
shows typical PIXE spectra of the samples. The peak position and inten-
sity give information about the identity and the amount of atoms, re-
spectively. The measured concentrations are quite different between
EDS and PIXE. EDS consistently underestimates the Sn concentration,
which is similar to previous comparison of EDS and PIXE for other
kinds of materials [15]. The discrepancy for other elements does not
show any clear tendency. Underestimation of the Sn concentration
would lead to overestimation of the Zn/Sn ratio, as shown in Table 2.
For example, one would expect, based on the EDS results, that samples
A, B, and C would have the ZnSe secondary phase. However, as we will
see in the next section, there is no indication of the ZnSe secondary
phase in the Raman spectroscopy results in samples A and C. Therefore,
we conclude that the Zn/Sn ratio measured by EDS should be examined
carefully by comparing with other measurements.

3.3. Raman spectroscopy

In order to investigate the crystallinity of CZTSe and the existence of
secondary phases, we measured the Raman spectra of the samples using
three different laser wavelengths: 514.5 nm [green laser, Fig. 3(a)],
632.8 nm [red laser, Fig. 3(b)], and 441.6 nm [blue laser, Fig. 3(c)]. The
spectra in Fig. 3(a) and (b) are normalized to the main CZTSe peak at
195 cm™'. The spectra taken with the green laser [Fig. 3(a)] show
CZTSe-related major peaks. The Raman spectrum from sample A is a
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Fig. 1. XRD results. All samples show strong CZTSe phase peaks at (112), (204), and (312).
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Table 1
Lattice constants of the samples measured by XRD.

Samples Lattice constants (XRD)

a (nm) ¢ (nm) c/2a
A 0.5674 1.1347 1.000
B 0.5683 1.1378 1.001
C 0.5687 1.1354 0.999
D 0.5664 1.1348 1.002

typical Raman spectrum of CZTSe, with two distinct CZTSe peaks
appearing at 172 and 195 cm™ . There are two smaller peaks at 231
and 244 cm™ ! which are also CZTSe related [21,22]. Samples B, C, and
D, on the other hand, exhibit only one strong peak at 200 cm™' with
smaller peaks at 231 and 244 cm™ . The 172 cm™ ! peak is not resolved
for these samples. These results indicate that sample A has the best crys-
tallinity. We used the red and blue lasers to probe the existence of CTSe
and ZnSe secondary phases, respectively. Because the band gap energy
of CTSe is 0.84 eV [23], the red laser (1.62 eV) is more sensitive to it
than the green laser (2.41 eV). Since the band gap energy of ZnSe is
2.82 eV [24], the blue laser (2.81 eV) is in resonance with the band
gap, making it particularly sensitive to the existence of ZnSe [25,26].

In the Raman spectra taken with the red laser [Fig. 3(b)], samples A
and D show a relatively sharp peak at 231 cm™ ' which can be assigned
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to CTSe and/or CZTSe [21]. If this peak appears stronger in the spectra
taken with the red laser relative to the CZTSe main peaks, one may con-
clude that at least part of the peak is due to CTSe because the CZTSe con-
tribution should have the same excitation wavelength dependence as
the CZTSe main peak. If we compare Fig. 3(b) with Fig. 3(a), only sample
D shows a clear enhancement of this peak for the red laser excitation.
Therefore, we conclude that sample D has the largest amount of the
CTSe secondary phase. We should note that the main CTSe mode is sup-
posed to appear near 180 cm™ !, which is between the main CZTSe
peaks at 172 and 195 cm~ . The asymmetry seen in the main CZTSe
peak may also indicate the existence of the CTSe secondary phases.
Sample D shows the largest asymmetry of the main peak, whereas sam-
ples B and C also show some degree of asymmetry. Based on these anal-
yses, we conclude that sample D has the largest amount of CTSe and
sample A has the least.

In the Raman spectra taken with the blue laser, there is only a weak
broad peak in the frequency range where the ZnSe peak would normally
be observed in all 4 samples, which indicates that there is not much
ZnSe in these CZTSe films, at least not near the top surface of the sam-
ples. However, since sample B is significantly Zn-rich even from the
PIXE analysis, one should expect at least some ZnSe formation in this
sample. There has been a report that ZnSe is likely to form at the bottom
close to the MoSe;, layer [27]. We measured the bottom side of the films
exposed by breaking the samples and found a strong ZnSe Raman signal
only from sample B (not shown). These results are consistent with the
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Fig. 2. Representative PIXE spectra of sample (a) A, (b) B, (c) C, and (d) D. Elements corresponding to the peaks are labeled in the figure.
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Table 2
The compositions (in at.%) of the samples measured by EDS and PIXE.
Samples Cu Zn Sn Se Cu/Zn + Sn Zn/Sn
EDS? Ratio
A 29.5 13.2 10.8 46.5 1.23 1.23
B 15.7 20.8 123 51.2 0474 1.69
C 220 14.9 124 50.7 0.805 1.20
D 224 9.03 17.6 50.9 0.842 0.513
PIXE Ratio
A 18.03 4 0.06 17.70 4+ 0.09 16.36 4+ 0.03 4791 £ 0.05 0527 1.08
B 16.81 + 0.08 17.57 £ 0.11 13.11 + 0.04 52.52 + 0.07 0.547 1.33
C 19.45 £ 0.08 1241 + 0.10 13.91 + 0.04 54.24 + 0.06 0.739 0.894
D 22.11 £+ 0.08 7.440 4 0.089 18.79 4+ 0.04 51.66 + 0.06 0.840 0.406

¢ The error bars of the EDS data are approximately 10% of the measured values.

PIXE data in that only sample B is significantly Zn-rich, whereas EDS re-
sults indicate that all but sample D are Zn-rich.

3.4. Low temperature PL

Only samples A and B exhibited measurable photoluminescence.
Since the PL signal is greatly reduced by the presence of defects and im-
perfections, it may be used as an indicator of the sample quality. Fig. 4
shows the normalized PL of the two samples. Sample A has a PL peak
at around 0.77 eV and B at around 0.72 eV. Since the band gap energy
of CZTSe is ~1 eV, none of these signals are due to band-to-band or shal-
low impurity transitions in CZTSe. These could be either from deep de-
fect states of CZTSe or low band gap secondary phases such as CTSe,
since the band gap of CTSe is 0.84 eV. Although the Raman analysis is
not very conclusive about the existence of CTSe, the PL results indicate
that these samples do have some CTSe phases in them. We should
note that although sample D has the largest amount of CTSe, its PL is
suppressed due to the poor overall crystal quality.

3.5. Micro-PIXE and micro-Raman spectroscopy

Among the four samples, sample A has the best crystallinity accord-
ing to the Raman results. Therefore, we carried out micro-PIXE and
micro-Raman imaging in order to check the compositional homogenei-
ty and the crystallinity of sample A. Fig. 5(a) is a micro-PIXE image of the
atomic distribution in sample A in an area of 200 x 200 um? measured
with a scanning step of 4 um. In this figure the scale bars indicate the
X-ray counts in each pixel or intensity which is proportional to the ele-
ment concentration. It is seen that the spatial variation of the atomic
compositions is quite significant. There are points where the local
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Fig. 3. Raman results of sample A-D with (a) green, (b) red and (c) blue lasers as the ex-
citation sources. Positions of the CZTSe, CTSe, and ZnSe related peaks are indicated.

composition of an element is much larger (red points) or much smaller
(blue points) than the surrounding areas. Similar result is shown in the
micro-Raman image of the A; mode intensity shown in Fig. 5(b). This
image was taken from sample A and the scale and the step size are
the same as the micro-PIXE images, but the position is not necessarily
the same as the area used in the micro-PIXE measurements. It is practi-
cally impossible to align the samples to the same positions in the two
measurement systems. The Raman images were taken at several loca-
tions of the sample and showed the same pattern of lateral intensity
variations. The fact that the lateral variations in the Raman peak inten-
sity have the same overall pattern as that found in the PIXE composition
maps implies that the local Raman intensity is strongly affected by the
local composition of the CZTSe thin film rather than by the local crystal-
linity. One can conclude that either micro-PIXE or micro-Raman imag-
ing may be used to investigate the composition inhomogeneity.

4. Conclusion

We carried out XRD, EDS, PIXE, PL and Raman spectroscopy on four
CZTSe thin films with various compositions. We have found that the EDS
measurements tend to underestimate the Sn composition in compari-
son to the PIXE measurements. The PL and Raman data showed that
all samples have CZTSe phase with varying amounts of CTSe. The ZnSe
secondary phase was detected on the bottom side of the most Zn-rich
sample. We also found that the local composition variations observed
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Fig. 4. Normalized PL of samples A and B at 8 K. The green laser was used as the excitation
source.
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in the micro-PIXE images correlate with the variations in the intensity of
the Raman A; mode.
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