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Low-temperature phase transformation of CZTS thin films∗
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The low temperature phase transformation in the Cu2ZnSnS4 (CZTS) films was investigated by laser annealing and
low temperature thermal annealing. The Raman measurements show that a-high-power laser annealing could cause a red
shift of the Raman scattering peaks of the kesterite (KS) structure and promotes the formation of the partially disordered
kesterite (PD-KS) structure in the CZTS films, and the low-temperature thermal annealing only shifts the Raman scattering
peak of KS phase by several wavenumber to low frequency and the broads Raman peaks in the low frequency region.
Moreover, the above two processes were reversible. The Raman analyses of the CZTS samples prepared under different
process show that the PD–KS structure tends to be found at low temperatures and low sulfur vapor pressures. Our results
reveal that the control of the phase structure in CZTS films is feasible by adjusting the preparation process of the films.
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1. Introduction

High efficiency thin film solar cells based on ternary or
quaternary compound semiconductors such as Cu(In, Ga)Se2

(CIGS) have been commercialized and developed rapidly.
However, Se is toxic, In and Ga are rare metals, leading to
the restriction of mass production of the CIGS solar cells.
In this condition, researchers have turned their attention to
alternative materials with similar properties.[1] For example,
Cu2ZnSnS4 (CZTS) stands out with promising characteristic
optical properties: a band gap energy of about 1.5 eV and
large absorption coefficients in the order of 104 cm−1. Further-
more, all the constituent elements in CZTS are low-toxic and
earth-abundant.[2–5] Therefore, Kesterite (Cu2ZnSnS4) mate-
rial has attracted significant interest as a compound semicon-
ductor suitable for applications in thin film photovoltaics as
absorbing materials. At present, the highest conversion effi-
ciency of CZTS thin film solar cells has reached 12.6%.[6,7]

The rapid improvement of the solar cell efficiency has in-
creased the interest of this material class. However, the best re-
ported efficiency (12.6% for Cu2ZnSn(S, Se)4) is about half of
best reported efficiency of the thin-film compound solar cells
such as Cu(In, Ga)Se2 or CdTe solar cells.[8] A review of the
literatures indicates that efficiency of CZTS solar cells may be

limited by the non-ideal recombinations, such as the recombi-
nation at the interface between the kesterite absorber and the
CdS buffer, the recombination caused by the deep-level de-
fects or the disordered phase in the CZTS material.[9] Thus, it
is quite necessary to get a deeper understanding of the physical
properties of CZTS films in order to improve the efficiency of
the solar cells.

The CZTS can crystallize in kesterite (KS), stannite (ST),
or partially disordered KS (PD-KS) structures, and the crys-
tal structures of which are shown in Fig. 1. KS structure
has the lowest formation energy, and the ST structure only
shows small differences with the KS structure in terms of the
cation arrangement in the sublattice.[10] The difference of the
binding-energy between KS and ST structure is quite small
(only about 3 meV/atom),[11–13] and the KS structure would
coexist with the ST structure in the polycrystalline CZTS thin
films prepared at high temperatures.[14] However, the neu-
tron diffraction measurements indicated that the Cu and Zn
anti-occupancy defects could exist in the CZTS films with-
out the ST phase, which can be attributed to the PD–KS
phase.[15] Since Cu2+ and Zn2+ are isoelectronic, it is found
the I211/I202 is only slightly larger for KS phase, so it is diffi-
cult to distinguish between the KS and ST/PD–KS phases by
x-ray diffraction.[16,17] On the contrary, Raman spectroscopy
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is sensitive to the local chemical environment of the atoms,
which is a potential technology to distinguish the phase struc-
ture in CZTS films.[18] In this paper, we investigate the low-
temperature phase transition from KS phase to PD–KS phase
in the CZTS films and also the effect of the preparation con-
ditions on the formation of disordered phase by using Raman
scattering measurement.

2. Experimental

A series of precursors for CZTS films were deposited on
Mo-coated soda-lime glass (SLG) by co-sputtering of ZnS,
SnS, and Cu in a sputtering chamber. The Cu was deposited by
a DC source, SnS and ZnS were deposited by RF source. Be-
fore deposition, the sputtering chamber was evacuated to the
pressure below 5×10−4 Pa. Ar was used as working gas and
the pressure was maintained at 0.5 Pa during the deposition,

and the deposition time were 20 min for all the targets. Dur-
ing the deposition, the sputtering powers for ZnS, SnS, and Cu
were 150 W, 65 W, and 15 W, respectively. After the prepa-
ration of the precursors, they were subsequently annealed at
temperatures ranging from 300 ◦C to 500 ◦C in sulfur atmo-
sphere. The annealing was carried out in a two-zone furnace
in which nitrogen was used as carrier gas. The annealing time
was 50 mins, and the pressure of the nitrogen in the furnace
was fixed at 15 Pa–20 Pa.

Raman spectras were measured by a LabRAM HR Evolu-
tion laser Raman spectrometer (made by HORIBA JobinYvon
company) using 532-nm laser as the excitation source. The
laser intensity was kept low enough to avoid damaging the
samples.[19] The obtained Raman curves were calibrated
for all experiments. All Raman spectras were fitted using
Lorentzian peaks derived from measurements with excitation
wavelengths of 532 nm.[18]
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Fig. 1. (color online) Crystal structures of CZTS (a) KS-CZTS, (b) ST-CZTS, (c) PD–KS.

3. Results and discussion

3.1. Effect of laser power and heating temperature on the
phase transformation of the films

Figure 2 shows the Lorentzian fitting of the Raman spec-
tra in the range of 320 cm−1–380 cm−1 for CZTS thin films
sulfurized at 450 ◦C. Seven different Raman peaks are ob-
tained by Lorentzian fitting at 322, 331, 334, 339, 348, 355,
and 368 cm−1, respectively.[20] The corresponding structures
of the Raman peaks are shown in Table 1. Among the fitted
peaks, the strongest peak is found at 339 cm−1. The position
of this peak matches well with the A mode of the kesterite
phase of CZTS.[21–24] The peak at 331 cm−1 corresponds to
the A1 model of ST,[25] which is also regarded as PD–KS by
Sunil K S and Valakh M Y et al. The PD–KS phase has the
same symmetry as the ST-phase, Susanne Siebentritt et al. be-
lieved that the Cu/Zn disorder in CZTS films can be attributed
to the existence of ST-phase . Both KS and ST structures obey
octet rule whereas PD–KS does not, and Madelung energies of
the three structures are KS < ST < PD−KS.[26] Therefore, it
is considered that the transformation from KS to ST through
PD–KS is not convincing .[12,13]
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Fig. 2. (color online) Raman spectra and the Lorentzian fitting in the
range of 320 cm−1–380 cm−1.

Table 1. Typical Raman peaks of the phases exist in the CZTS material.

Peak position/cm−1 Phase References

322 Cu4SnS4 [13]
331 PD–KS/ST [12], [13], [18], [27]
334 Cu2SnS3 [13]
339 KS [13], [12], [28]
348 ZnS [23], [27]
355 Cu2SnS3 [23], [27], [28]
368 CZTS [23], [27]
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The Raman peak of CZTS thin films at around 331 cm−1

indicates the Cu–Zn disorder, i.e., the existence of Pd–KS
phase. Jonathan Scragg et al. used the near-resonance Ra-
man method to investigate the phase transition of CZTS, the
transition temperature was estimated to be at 533±10 K. In
order to study the phase transition, Raman spectra of CZTS
thin films were measured at different laser powers.
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Fig. 3. (color online) (a) The Raman spectra of the sample illuminated
with different laser powers, (b) the intensity variation of the peak at
339 cm−1 as a function of the laser powers.

The phase transition of CZTS can be analyzed by Raman
spectra, and the Raman peak of CZTS thin films at around
331 cm−1 indicates the Cu–Zn disorder, i.e. the existence
of PD–KS phase.[18] Figure 3(a) shows the Raman spectra
of sample illuminated at different laser powers. It is clearly
shown that the main peak of the Raman spectrum moves to the
lower wavenumber as the laser power increases from 0.01 mW
to 2.5 mW. Figure 3(b) shows the variation of the Raman peak
intensity at 339 cm−1 as a function of laser powers. The inten-
sity of the Raman peak decreases rapidly when the laser power
increases from 0.01 mW to 1.0 mW, and then decrease slowly
by further increasing the laser power. In order to explain this
phenomenon, the Raman spectras are fitted. It is assumed that
KS and PD–KS structures have similar Raman cross-sections.
The ratio R = I339/I331 (i.e., the ratio between the integral
area of the Raman peak at 339 cm−1 and 331 cm−1) is used
to estimate the proportion of the two phases in the sample.
From Fig. 4(a), it can be seen that the PD–KS phase is ob-
served at 331 cm−1 at low power (0.01 mW). By increasing

the laser power, the Raman peak intensity of the PD–KS phase
increases and the peak intensity of the KS phase decreases. As
can be seen from Fig. 4(b), the Raman peak of the KS phase is
nearly not visible when the laser power is 1 mW. This provides
an important and direct evidence that the laser annealing could
induce the phase transition from KS to PD–KS. The random
occupancy of Cu and Zn in the lattice of CZTS is one of the
reasons for the formation of the PD–KS phase, but the actual
mode of the occupancy is unclear as the lattice sites occupied
by Cu and Zn is almost the same.[29,30] In addition, for the
materials with low thermal conductivity, the local thermal ef-
fect of the laser irradiation also makes the atoms disordered in
the lattice, thus induces the phase transformation from KS to
PD–KS.[31] Laser irradiation drives the system change from a
lower symmetry (I(4̄)) state to a higher symmetry (I(4̄)2m)

state.[13] Moreover, we repeated the Raman measurements at
the same position of the samples using different laser power,
the result of which indicates that the laser induced phase tran-
sition of CZTS is reversible.
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Fig. 4. (color online) The Lorentzian fitting of Raman spectra at differ-
ent laser powers: (a) 0.01 mW, (b) 1 mW.

The change of the phonon frequency and full width at
half maximum (FWHM) at different temperatures can provide
information about the micro-structure.[20,21,32] In order to fur-
ther understand the phase transformation of CZTS at low tem-
peratures, the analysis on the temperature dependent Raman
spectra is carried out. Previously, temperature dependent Ra-
man studies of different materials have been reported, includ-
ing CuInSe2, GaAs, etc.
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Figure 5(a) shows that the Raman spectra of CZTS sam-
ples at different temperatures. As we discussed above, the
strongest peak at 339 cm−1 could be assigned as A mode
of KS phase.[23,24] It can be seen that the A mode moves to
low wavenumbers (Fig. 5(b)) with increasing the temperature,
while the FWHM of the spectra increases. The grain size of
the sample is far larger than the Bohr radius (2.5 nm–3.4 nm),
so the shift of the peak position can not be explained by the
confinement effect.[13] Prashant Sarswat et al. used the pertur-
bation model to explain the increase of the phonon frequency
with decreasing the temperature, and they believed that the
frequency shift was caused by the combined effects of ther-
mal expansion and the coupling to other phonons, whereas the
broadening of the peaks was only caused by the anharmonic
effect.[30]
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Fig. 5. (color online) (a) The Raman spectra of sample at different tem-
peratures, (b) the variation of position of A mode with different temper-
atures.

Jonathan S et al. revealed that the transition temperature
from KS to PD–KS phase was 533±10 K.[18] We compared
the Lorentzian fitting of the Raman spectra measured at room
temperature and 200 ◦C (Fig. 6), and found that the ratio R
(R = I339/I331) was approximately the same. This indicates
that simple heating without strong laser illumination could not
result in significant phase transition. The heating only induces
the shift of the Raman peak by 3 cm−1 ∼ 4 cm−1 and broaden
of the full width at half maxmum (FWHM). In addition, the
repeated Raman measurements at the same position of the
sample under different temperature reveal that the shift and

broadeding of the Raman peaks caused by the temperature is
reversible.

320 340 360 380

In
te

n
si
ty

/
a
rb

. 
u
n
it
s

Raman shift/cm-1

25 C

331

339

320 330 340 350 360 370 380

In
te

n
si
ty

/
a
rb

. 
u
n
it
s

Raman shift/cm-1

200 C 

336 cm-1

327 cm-1

(b)

(a)

Fig. 6. (color online) The Lorentzian fitting of Raman spectra at various
temperatures: (a) 25 ◦C, (b) 200 ◦C.

3.2. Effect of preparation conditions on phase transforma-
tion of the films

The presence of the PD–KS phase will decrease the effi-
ciency of the CZTS solar cell, so it is very important to study
how the preparation condition influences the formation of this
phase. For this purpose, Raman spectra of the CZTS thin films
prepared at different sulfurization temperture and sulfurization
pressure were investigated.

Figure 7(a) gives the five values of R (R = I339/I331) at
different sulfurization temperatures of 300 ◦C, 350 ◦C, 400 ◦C,
450 ◦C, 500 ◦C, respectively. It can be seen that the value of R
increases with increasing the temperature. The reason is that
the KS structure has lower strain energy and Madelung energy
as compared with ST structure and PD–KS structure, so that
the KS structure is the most stable phase among the three struc-
tures. This indicates that surfurization at high temperatures is
beneficial to the formation of KS structure in CZTS. Moreover,
the FWHM of Raman peaks at 331 cm−1 and 339 cm−1 (not
shown) decrease as the sulfurization temperature increases, in-
dicating an improvement of the crystallinity in the material.

The change of R values as the sulfurization pressure is
shown in the Fig. 7(b). It can be seen that the R value de-
creases with the increase of the sulfurization pressure, which
indicates that the proportion of KS phase in CZTS decreases
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with increasing the sulfurization pressure. The experimental
result indicates that a higher sulfur partial pressure could con-
tribute to the formation of KS structure in CZTS. Meanwhile,
the FWHM of Raman peaks at 331 cm−1 and 339 cm−1 (not
shown) increase with the increase of the sulfurization pressure,
indicating that the crystallinity of the KS and PS–KS phase
decreases with the increase of the sulfurization pressure. The
reason could be that the sulfur partial pressure in the vacuum
pipe decreases with increasing the sulfurization pressure, so
that the following reaction would shift to the right side, lead-
ing to the decrease of the crystal quality of the CZTS films.

Cu2(S,Se)(s)+Zn(S,Se)(s)+Sn(S,Se)(g)+S2(g)

↔ Cu2ZnSn(S,Se)4.
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Fig. 7. The variation of ratio R with the change of (a) sulfurization
temperature and (b) sulfurization pressure.

4. Conclusions
In this paper, the low-temperature phase transformation

from KS phase to PD–KS phase in CZTS thin films was in-
vestigated by laser annealing and low temperature thermal an-
nealing. A series of CZTS precursors were deposited on Mo-
coated soda-lime glass (SLG) by co-sputtering of ZnS, SnS
and Cu. Subsequently, the samples were annealed at sulfur-
ization temperatures ranging from 300 ◦C to 500 ◦C and sul-
furization pressures ranging from 15 Pa to 50 Pa. We an-
alyzed the Raman spectra of sample illuminated at different
laser powers. The result show that the Raman scattering peak
of the KS phase is red shifted and the Raman peak of the
PD–KS phase emerges with increasing the laser power. How-
ever, simple low temperature heating without strong laser il-
lumination could not induce significant phase transition, but
only shifts the Raman scattering peak of KS phase shift to the

lower wavenumbers by several wavenumber and broaden the
FWHM. We also find the change of the micro-structures in-
duced by laser or simple heating are both reversible. More-
over, the Raman spectra of samples prepared at sulfurization
temperatures of 300 ◦C–500 ◦C and pressure of 15 Pa were
studied. The results demonstrates that the high temperature
and high sulfur partial pressure could lead to the formation of
KS. Therefore, it could be feasible to control the phase transi-
tion in CZTS films.
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