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Raman Scattering Studies of Cu,ZnSnS,; Thin Films: Local Distribution of
the Secondary Phase Cu, .S and the Effect of KCN Etching on Cu, .S
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We used X-ray diffraction (XRD) and Raman scattering spectroscopy to study Cu2ZnSnS4
(CZTS) thin films grown by using an electroplating method. We compared the Raman spectra
of the CZTS thin films before and after potassium cyanide (KCN) etching. We observed a phonon
mode of the secondary phase Cuz_5S both from Cu-rich and Cu-poor CZTS samples before the
KCN etching. We found that the intensity of the Cuz_,S-related vibration mode depended on the
excitation wavelength, from which we could estimate the stoichiometry of the Cua_,S as =z = 1.
Interestingly, the Cuz_,S phonon is completely removed after the KCN etching. We could also get
information regarding the local distribution of the secondary phase on the surfaces of the CZTS
thin films by using micro-Raman scattering spectroscopy.
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I. INTRODUCTION

In recent years, CuzZnSn(S,Se)s (CZTSSe) has drawn
much attention as one of the most promising absorber
layer materials for low-cost thin-film solar cells and has
been studied as a substitute for CuyZnSn(S,Se), (CIGS).
The efficiency of CZTSSe thin-film solar cells has reached
12.6% [1]. In particular, CZTS is regarded as an ideal ab-
sorption material due to its p-type conductivity, 1.5-eV
direct band gap, and high optical absorption coefficient
(¢ > 10* em™1) [2]. The highest conversion efficiency
for CZTS is 8.4% [3], which is much lower than that of
CIGS photovoltaic devices (~20%) [4].

One important aspect to get high efficiency while char-
acterizing CZTS cells is to clarify the growth mechanism
of the thin films. Many methods, such as thermal evap-
oration [3,5], atom beam sputtering [6], spray pyrolysis
[7], pulsed laser deposition [8], electroplating [9,10] and
other vacuum and non-vacuum processes, can be used
to grow CZTS thin films for use as an absorber layer
material. The highest conversion efficiency for CZTS
thin films grown by electrodepositing is 7.3% [11]. For
comparison, the highest conversion efficiencies are 8.4%
[3] and 6.8% [6] for films grown by using thermal co-
evaporation and sputtering, respectively. In the future,
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the electroplating method would be preferred because it
can provide a high-quality film at a very low cost. It
also has merits, such as its being a high-rate process, its
using very low-cost starting materials, and so on [12].
However, most of the electrochemical deposition tech-
niques reported so far produced stacked film of Cu, Sn
and Zn layers that were subsequently annealed under a
sulfur atmosphere which could lead to the formation of
secondary phases [13]. To overcome this disadvantage,
KCN etching has been used to remove the second phases
related with the Cu-rich layers for solar-cell thin films
[14-16).

In this research, we used X-ray diffraction (XRD) and
Raman scattering spectroscopy to investigate the defor-
mation of the composition distribution of unetched and
etched CZTS thin films grown by using the electroplat-
ing method by using. XRD is commonly used for the
structural analysis of polycrystalline thin-films. How-
ever, in the case of CZTS, several secondary phases ex-
ist, so XRD alone is not sufficient to resolve the phases
that may be present [11,17]. Thus, we performed a useful
complementary tool of Raman scattering spectroscopy to
distinguish the CZTS from the secondary phases and to
study them locally.
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Table 1. Chemical compositional ratio of the thin films.

Compositional ratio (%)

Cu/(Zn+Sn) Zn/Sn
Cu-poor 0.79 1.55
Cu-rich 1.89 1.56

Fig. 1. Plane and cross-sectional SEM images of CZTS
with different precursor: (a) Cu/(Zn+Sn) = 0.79 and Zn/Sn
= 1.55 and (b) Cu/(Zn+Sn) = 1.89, Zn/Sn = 1.56.

II. EXPERIMENTS

CZTS thin films were grown by using an electroplating
deposition process, which is a non-vacuum method. Cu-
Zn-Sn metallic precursor layers were coated on Mo/soda-
lime glass by using a potentiostat (model: WPG100,
Won-A Tech, Korea) from an aqueous solution contain-
ing Cu, Zn, and Sn ions. The molar concentrations of the
starting materials are 0.02 M for CuSO,4-5H-0, 0.035 M
for ZnSO4-7H50, 0.014 M for SnCl,, and 0.5 M for tri-
sodium citrate [18]. The raw materials were deposited
under a constant current density of —1.3 mA/cm? for
2000 s. A three-electrode system was applied for coat-
ing Mo on the glass, a Pt plate (counter), and a satu-
rated Ag/AgCl reference electrode. The precursor films
were annealed at 550 °C in a quartz tube furnace under
a sulfur atmosphere (vaporized elemental sulfur with a
high-purity Ar carrier gas) [16]. Lee et al. reported that
the conversion of efficiency of the grown CZTS thin-film
solar cells was about 2% [19]. The surface morphologies
and the chemical compositions of the CZTS films were
examined using scanning electron microscopy (SEM) and
energy dispersive spectrometry (EDS), respectively.

The crystal structures of the CZTS thin-films were
examined by using X-ray diffraction (Bruker, New D8
Advance with a CuKa radiation source, A = 1.5106 A,
4 °/min scan speed) from 10 to 90°. Macro-Raman and
micro-Raman spectra were measured by using a McPher-
son 207 spectrometer equipped with a nitrogen-cooled
charge-coupled-device (CCD) array detector. CZTS
films were excited with a 632.8-nm He-Ne laser and a
488-nm diode laser focused to a ~100-pm-diameter spot
in the macro Raman measurements and to an ~1-pum-
diameter spot by using a microscope objective (x100) in
the micro Raman measurements.
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Fig. 2. (Color online) X-ray diffraction spectra of (a) Cu-
poor sample and (b) Cu-rich sample CZTS thin films electro-
plated on Mo/SLG substrates.

KCN is the formula of a potassium-cyanide compound
and is produced by treating hydrogen cyanide with a 50%
aqueous solution of potassium hydroxide, followed by
evaporation of the solution in a vacuum [20,21]. For chal-
copyrite and kesterite thin-film absorbers, KCN has been
used to effectively remove secondary phases of chalcogen
compounds with Cu, Zn, and Sn [14-16,22,23]. In order
to observe the effects of KCN on the secondary phases
in the CZTS thin films, we dipped the samples in a 10%
KCN solution for 3 minutes at room temperature.

III. RESULTS AND DISCUSSION

Table 1 shows chemical compositional ratios for the
Cu-poor (Cu/(Zn + Sn) = 0.79) and the Cu-rich [Cu/(Zn
+ Sn) = 1.89] CZTS thin films that we measured. Figure
1 displays plane and cross-sectional SEM images of the
CZTS thin films. Grains of both of the films are seen to
be grown well, and average size is larger than 2 ym. The
thickness of the CZTS films is about 3.5 m. The XRD
diffractograms of the samples are shown in Fig. 2. The
major diffraction peaks appear at 20 = 28.5, 33, 47.4, and
56.3°, which are assigned to be the (112), (200), (220),
and (312) reflections of CZTS [8,24]. No diffraction peaks
of secondary phases related with Cuz_,S (x = 1) [25] are
clearly observed.

Figure 3 illustrates the macro-Raman spectra of the
Cu-poor and the Cu-rich samples excited with a 488-
nm laser and a 632.8-nm laser. One strong and two
weak CZTS-related peaks are observed from both sam-
ples: The strong mode (A;) at 337 cm™! is associated
with vibrations of S atoms [26]. A weak mode (A) is
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Fig. 3. (Color online) Macro-Raman spectroscopy results for CZTS (a, ¢) Cu-poor and (b, d) Cu-rich thin films before
KCN-etching (black line) and after KCN-etching (red line) by using a 488-nm laser and a 632.8-nm laser.

seen at 287 cm ™!, and a shoulder peak is observed at
364 cm~! (E) [27]. The sharpness and the strong in-
tensity of the CZTS mode suggest that the crystalline
quality of the films is good. Two MoS; Raman modes,
one at 381 cm~! and the other at 408 cm~!, are ob-
served from Cu-poor (Cu-rich) samples under 488-nm
laser excitation, as shown in Fig. 3(a). A Raman mode
of Cuy_,S is clearly seen at 473 ecm™! (A; (LO) mode)
[28] before the KCN etching. The peak frequency of the
Cuy_,S mode is known to depend on x, and the en-
ergy of 473 cm~! is assigned to the S-S stretching mode
of Cuz_,S with z = 1 [29]. Interestingly, the Cua_,S
mode completely disappears after the KCN etching, as
shown in Fig. 3(a). In the Cu-rich sample, a Cus_,S
mode is observed at ~475 cm~! before the KCN etching
and the peak intensity is even stronger than that of the
CZTS A; mode at 337 em~! (Fig. 3(b)), which indicates
that the Cus_,S compound is more abundant in Cu-rich
samples than in Cu-poor samples and that the Cus_,S

mode completely disappears after the a Cu-rich sample
is etched with KCN.

Figures 3(c) and (d) show the Raman spectra of
Cu-poor and Cu-rich samples excited with a 632.8-nm
laser. For the Cu-poor sample, CZTS, CusSnSs (CTS3),
CusSnS, (CTS4) and MoSs peaks are observed at 350
(on the shoulder of the A; mode), 302, 320, and 458
cm ™!, respectively [30,31]. However, no secondary phase
of Cus_,S is seen in the Raman spectra of the Cu-
poor sample in Fig. 3(c) either before or after the KCN
etching. Even from the spectra of the Cu-rich sample
(Fig. 3(d)) where the Cuy_,S peak is strong, the inten-
sity of the Cus_,S peak that is observed only before
the etching is much weaker than that for the sample ex-
cited at 488 nm (2.54 eV), as shown in Fig. 3(b). From
this observation, we can estimate the stoichiometry of
Cug_,S to be Cuz_,S (z = 1) as follows: The band gap
of Cus_,S depends on z, and it is ~2.5 eV when z = 1
(CuS) [29]. Considering that the Cuy_,S peak is strong
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Fig. 4. (Color online) Optical images (x100 lens) and corresponding micro-Raman spectroscopy results for CZTS thin films
before KCN-etching and after KCN-etching by using a 488-nm laser and a 632.8-nm laser.

only when the sample is excited at 2.54-eV (488 nm) and
not at 1.96-eV (632.8 nm), the relevant energy scale that
can cause a resonance (selective enhancement) is ~2.5
eV, which is the band gap of Cus_,S (x = 1). The sec-
ond phase of Cus_,.S is found to have been removed by
the KCN etching for both excitations of 2.54 eV (488
nm) and 1.96 eV (632.8 nm).

Figure 4 shows optical images and the micro-Raman
spectra of CZTS thin films before and after the KCN
etching of Cu-poor and Cu-rich samples. In the optical
images of the Cu-poor and the Cu-rich samples before
etching, as shown in Figs. 4(a) and (b), bright and dark
parts are observed and are clearly distinguishable. How-
ever, the dark parts are seen to mostly disappear from
the optical images after the etching. To compare the lo-
cal effect of the KCN etching, we measured micro-Raman
spectra at the same places of each sample before and af-
ter the etching. From Figs. 4(a) and (c), only the CZTS
peaks are observed at the bright part of Cu-poor sam-
ples, regardless of etching. On the other hand, only the
Cusy_,S peak at 473 cm ™! is clearly observed at the dark

part of Cu poor samples before etching but it disappears
and CZTS peaks are observed after etching. In the bright
part of the Cu-rich samples (Figs. 4(b) and (d)), the in-
tensity of the Cus_,S peak is very weak before etching
and becomes zero after etching. In the dark part of the
Cu-rich samples, however, the same trend of Cus_,S ob-
servation as in the Cu-poor samples is observed. From
this observation, we can conclude that the most of the
secondary phase of Cus_,S is concentrated in the dark
part. Removal of the Cus_,S by KCN etching is also con-
firmed by the micro-Raman measurements, where results
are completely consistent with those of macro-Raman
measurements.

Table 2 shows the intensity ratio of the Cus_,S
peak at 473 cm™! to the CZTS peak at 337 cm™!,
Icuw2—2S/Iczrs, for the Raman spectra measured from
the Cu-rich samples before etching because the sec-
ondary phase of Cus_,.S disappears after the KCN etch-
ing. In the macro-Raman analysis, the intensity ratios
are about 1.1 and 0.6 for 488-nm and 632.8-nm excita-
tions, respectively, and in the micro-Raman analysis, the
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Table 2. Intensity ratio of the main peak of Cuz—5S (~473
cmfl) to that of CZTS (~337 cmfl), Icuw2—2S/Iczrs, for
Cu-rich samples before KCN etching-sample.

Wavelength (nm)

Icuz—oS/lozrs

488 632.8
Macro Raman 11 0.6
(d =100 pm)
Macro Raman 20 0.9
(d =1 pm)

corresponding ratios are about 2.0 and 0.9. The pene-
tration depths for 488-nm and 632.8-nm are 140 nm and
170 nm, respectively [30], and the focused spot size of the
488-nm laser is smaller than that of the 632.8-nm laser.
Interestingly, the intensity ratio Ioye—.S/Iozrs for exci-
tation at 488 nm (2.54 eV) is always larger than that for
excitation at 632.8-nm (1.96 eV) due to the resonance
effect.

IV. CONCLUSION

Using different excitation wavelengths of 488 nm (2.54
eV) and 632.8 nm (1.96 e€V) for the Raman scattering
experiment, we studied the secondary phase of CZTS
thin films grown by using the electroplating method. We
observed a resonance effect of the secondary phase of
Cuy_ .S, from which we could estimate the stoichiometry
of the phase as Cus_,S (x = 1). We could also find the
local distribution of the Cus_,S phase by using micro
Raman spectroscopy. Our observation clearly shows that
the second phase of Cus_,S can be removed by KCN
etching.
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