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Abstract Cu2ZnSn(S,Se)4 material is receiving an increased amount of attention for solar cell applications as an absorber layer

because it consists of inexpensive and abundant materials (Zn and Sn) instead of the expensive and rare materials (In and Ga)

in Cu(In,Ga)Se2 solar cells. We were able to achieve a cell conversion efficiency to 4.7 % by the selenization of a stacked metal

precursor with the Cu/(Zn + Sn)/ Mo/glass structure. However, the selenization of the metal precursor results in large voids at

the absorber/Mo interface because metals diffuse out through the top CZTSe layer. To avoid the voids at the absorber/Mo

interface, binary selenide compounds of ZnSe and SnSe2 were employed as a precursor instead of Zn and Sn metals. It was

found that the precursor with Cu/SnSe2/ZnSe stack provided a uniform film with larger grains compared to that with Cu2Se/

SnSe2/ZnSe stack. Also, voids were not observed at the Cu2ZnSnSe4/Mo interface. A severe loss of Sn was observed after a

high-temperature annealing process, suggesting that selenization in this case should be performed in a closed system with a

uniform temperature in a SnSe2 environment. However, in the experiments, Cu top-layer stack had more of an effect on reducing

Sn loss compared to Cu2Se top-layer stack.
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1. Introduction

Solar energy is making its way to become a self-
sufficient source of energy supply. Due to ever increasing
energy demand, solar energy has become a point of
interest to meet the need to produce clean and efficient
electricity with the minimum expenditure. 

Thin film solar cells seem to have a promising future
for low cost energy generation. Until now, CdTe and
Cu(In,Ga)Se2(CIGS) thin film solar cells have shown the
light of commercialization. CdTe solar cell has achieved
the conversion efficiency of 16.5 %1) and CIGS solar cell
has achieved 20 % conversion efficiency.2) But its usage
is limited and many countries do not allow Cd products
due to the toxicity of Cd.3) Also In, Ga, and Te are rare
elements which results in the high cost of the raw
materials. These problems can interfere with the goal of
high energy production of CdTe and CIGS solar cells
with low cost.

On the other hand, Cu2ZnSnSe4(CZTSe) and Cu2ZnSnS4

(CZTS) solar cells utilize the earth abundant and cheap
elements such as Zn and Sn by replacing In and Ga.
CZTSe and CZTS are cost effective alternatives of CIGS
absorber layer and foreseen as promising candidates for
the future energy generation. CZTSe is a p-type semicon-
ductor with the band gap of 0.9 eV4) and with the
absorption coefficient of 104 cm−1.5) It can have kesterite
and stannite phases. Kesterite phase is more stable than
stannite phase because the formation enthalpy of kesterite
is lower than that of stannite.6)

In 1996, the first CZTS solar cell was made in which
had the efficiency of 0.66 %.7) Now, Cu2ZnSnS1-xSex
(CZTSSe) solar cells have achieved 11.1 % conversion
efficiency through a solution method with the structure of
ITO/i-ZnO/CdS/CZTSSe/Mo/glass by IBM.8,9) Many tech-
niques including co-evaporation,10,11) metal precursor sput-
tering,12) e-beam evaporation,13) ball milling(mechanochem-
ical),14) electro-depositions,15,16) and ionic layer adsorption
and reaction method17) have been utilized to fabricate
CZTSe film and to increase the efficiency of the mentioned
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solar cell. Our laboratory achieved the cell efficiency of
CZTS up to 4.7 % by sulfurizing a metal precursor with
Cu/(Zn + Sn)/Mo/glass structure.12) However, we found
that large voids formed at the CZTS/Mo interface due to
the out diffusion of metals during sulfurization process,
resulting in the lift off of CZTS film.8,9,12) Focus of this
study is to grow CZTSe thin film with a good adhesion
at the CZTSe/Mo interface and CZTSe film with mini-
mum tin loss. Tin loss during annealing creates phase
separation and becomes one of the reasons for not having
a single phase CZTSe absorber layer.17) To avoid the void
formation, binary selenide compounds such as SnSe2 and
ZnSe compounds were utilized as starting materials. Since
Sn is the most volatile material, the SnSe layer was en-
capsulated by Cu or Cu2-xSe layer. 

2. Experimental Procedure

A Mo-coated soda lime glass (SLG) was used as sub-
strate. SLG was cleaned ultrasonically in DI water, acetone,
and then methanol for 30 min each. Mo was deposited
through DC sputtering. In the experiment, binary selenide
compounds such as ZnSe, SnSe2, and Cu2-xSe have been
used as precursor sources. For the comparison, copper
metal was also utilized as a precursor source in addition to
Cu2-xSe. Those materials were stacked on the Mo-coated
SLG substrate with the following structures: Cu2-xSe/
SnSe2/ZnSe/Mo/Glass and Cu/SnSe2/ZnSe/Mo/Glass. Note
that Cu or Cu2-xSe was deposited on top of SnSe2 to pre-
vent the sublimation the volatile SnSe2 material. Schematic
view and the SEM cross section of both precursors are
shown in Fig. 1. 

The reaction sequence for the formation of CZTSe is
shown below. The elemental metals react first to form
binary selenide and then a ternary phase, Cu2SnSe3, forms.

2Cu + Se → Cu2Se (1)

Cu2Se + SnSe2 → Cu2SnSe3 (2)

Cu2SnSe3 + ZnSe → Cu2ZnSnSe4 (3)19)

With Cu top layer, the reactions (1), (2), and (3) can pro-
ceed. With Cu2Se top layer, the reactions (2) and (3) can
proceed.

ZnSe and SnSe2were deposited through RF sputtering
at 50 and 60 W, respectively. Copper metal was deposited
through DC sputtering at 80 W. The working pressure for
all the sputtering depositions was kept 3 × 10−3 torr with
Ar flow rate of 10 sccm and the base pressure was 2 ×

10−6 torr. The targets used for the sputtering were 3” in
diameter. For the deposition of Cu2-xSe, a Cu2-xSe powder
with 99.99 % purity was thermally evaporated at 1580 oC
through Knudsen source with the deposition rate of 4 Å/
s. The base pressure was 2 × 10−6 torr. The substrate was
continuously rotated and was kept at room temperature.

Fig. 2 shows the SEM cross section images of the pre-
cursors with (a) Cu2-xSe/SnSe2/ZnSe stack and (b) Cu/
SnSe2/ZnSe stack. The total thickness of the precursors is
about 1 µm. The Cu2-xSe, SnSe2, ZnSe, and Cu layers are
uniformly deposited. The thickness of pure Cu layer is
thinner than that of Cu2-xSe layer. 

Selenization was performed in an evaporator with a
continuous supply of Se from Se source. The Se was
evaporated at 215 oC from a Se Knudsen source which
provided the deposition rate of 40 Å/s. The base pressure

Fig. 1. Schematic views of the precursors with (a) Cu2-xSe/SnSe2/

ZnSe stack and Cu/SnSe2/ZnSe stack for Cu4ZnSnSe4 film

fabrication. Cu2-xSe and Cu layers are also encapsulation layer to

prevent Sn loss.

Fig. 2. SEM cross-sectional images of the precursors with (a) Cu2-x

Se/SnSe2/ZnSe stack and (b) Cu/SnSe2/ZnSe stack.
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was 1.5 × 10−5 torr and the sample substrate was rotated
continuously. During the selenization the substrate was
kept for 10 min at 400 oC, or 5 min at 450 oC and 500 oC.
The substrate was cooled inside the evaporator to room
temperature. 

To determine the phases in the films, X-ray diffraction
(XRD, D/MAX-RC, RIGAKU) and Raman spectroscopy
(LabRAM HR UV/VIS/NIR, Horiba JobinYcon) have
been used. XRD source was CuKα at 30 kV and 60 mA
and Raman spectroscopy source was 514 cm−1 laser at 2.5
mW/cm2. To investigate the surface morphologies, cross
sections and elemental analysis, scanning electron micro-
scopy(SEM, Nova230, FEI Company) was used, equipped
with energy dispersive spectroscopy(EDS). A 5 kV beam
was utilized for SEM imaging and a 20 kV beam was
utilized for EDS. To analyze the elemental depth profile
of the film, Auger spectrometer(PHI-4300, Perkin Elmer)
has been used. 

3. Results and Discussion

3.1 Characterization of CZTSe film fabricated from

Cu2-xSe/SnSe2/ZnSe precursor

Fig. 3 shows the SEM images of surface morphology
(a,c,e) and cross section (b,d,f) of the CZTSe samples
annealed at 400 (a,b), 450 (c,d), and 500 oC (e,f) from the
precursor with Cu2-xSe/SnSe2/ZnSe stack. The grain size
increases as the annealing increases from 400 to 500
oC. In the cross section images, no voids are observed at
the CZTS/Mo interface regardless of the annealing tem-
perature. The goal of eliminating voids is satisfied by
utilizing the selenide precursor. Also, the adhesion between

the CZTSe and Mo was very good. However, the grain
size is very small even at 500 oC annealing. Furthermore
the film prepared at 500 oC shows large and many pores
among grains due to SnSe2 evaporation.

The compositions of CZTSe films annealed at 400, 450,
and 500 oC from the precursor with the Cu/SnSe2/ZnSe
stack were taken by EDS and are summarized in Table 1.
The Cu/(Zn + Sn) and Zn/Sn ratios of the CZTS film
prepared at 400 oC are 0.86 and 1.1, respectively. These
ratios increase as the selenization temperature increases,
indicating that the Sn in the form of SnSe2 is the most
volatile and lost as the annealing temperature increase.
Especially, a severe loss of SnSe2 is observed at 500 oC
annealing. This result suggests that a thicker Cu2Se layer
is necessary to prevent the evaporation of SnSe2.

Fig. 4 shows the XRD patterns of the CZTSe films
annealed from the precursor with Cu2-xSe/SnSe2/ZnSe
satcking at 400, 450, and 500 oC. At 400 and 450 oC, only
the peaks of CZTSe phase appear. At 500 oC, the peaks of
CuSe secondary phase formed, indicating that significant
loss of SnSe2. In XRD, it is difficult to distinguish bet-
ween CZTSe, ZnSe, and CuSnSe3 phases because their
peaks are very close to each other.20) To further identify the

Fig. 3. SEM surface morphologies (a,c,e) and cross sections (b,d,f) of CZTSe films selenized at 400 (a,b), 450 (c,d) and 500
o
C (e,f) from

the precursor with Cu2-xSe/SnSe2/ZnSe stack.

Table 1. The compositions of precursor and CZTSe films fabricated

from the precursor with Cu2-xSe/SnSe2/Zn stack, after annealing at

400, 450 and 500 oC.

Ratios precursor 400
o
C 450

o
C 500

o
C

Cu/(Zn + Sn) 0.68 0.86 0.85 1.04

Zn/Sn 0.67 1.13 1.23 3.52

Se/Metals 1.67 1.19 1.06 1.08
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existing phases, Raman spectroscopy has been employed.
Fig. 5 shows the Raman scattering spectra of the

CZTSe films annealed at 400, 450, and 500 oC from the
precursor with Cu2-xSe/SnSe2/ZnSe satcking. At 400 oC,
only CZTSe phase is observed. The peaks labeled as
CZTSe are at 173, 196 and 231 cm−1, which are in
confirmation with the reported CZTSe Raman peaks.21)

Note that ZnSe and CuSnSe3 phases are not observed,
suggesting that the reaction of Cu2-xSe, SnSe2, and ZnSe
to form CZTSe phase is completed at 400 oC in 10 min. 

The CuSe peak is visible at 450 oC but is a very strong
at 500 oC. The Raman peak of CuSe is in confirmation
with the already reported CuSe peak.22) The intensity of
the secondary CuSe is strong because of its strong inelastic

scattering even though the quantity is much smaller than
CZTSe. The existence of very small amount of CuSe is
easily detected by Raman peak, while XRD cannot detect.
Our result suggests that the Sn loss started even from
450 oC annealing and the prevention of Sn loss is an im-
portant issue to synthesize a good CZTSe film.

Fig. 6 shows the Auger depth profile of the CZTSe
film annealed at 400 oC from the precursor with Cu2-xSe/
SnSe2/ZnSe satcking. The Cu and Se contents are uniform
throughout the film except the surface of the film. The
surface is oxidized within the acceptable range. In the
middle of the film, an ideal CZTSe phase has been formed.
But at the CZTSe/Mo interface an unreacted ZnSe re-
mains is seen, suggesting that the thickness of ZnSe
should be reduced.

3.2 Characterization of CZTSe film fabricated from

Cu/SnSe2/ZnSe precursor

Fig. 7 shows the SEM images of the surface morphology
(a,c,e) and cross section (b,d,f) of the CZTSe samples
selenized at 400 (a,d), 450 (c,d), and 500 oC (e,f) from
the precursor with Cu/SnSe2/ZnSe stack. The surface
morphologies of the CZTSe films selenized at all tem-
peratures are good. Also all the films are densely packed
and no voids are observed at the CZTSe/Mo interface.
The result indicates that the top Cu metal layer acts as a
good encapsulation layer to prevent SnSe2 loss. The cross
sections show that a bilayer structure. The top layer is
originated from Cu layer and the bottom layer is originated
from ZnSe layer. The thickness of the film remains almost
the same at 400 and 450 oC but it is decreased at 500 oC,
suggesting that some SnSe2 loss at 500 oC. But the grain
size is still too small(<< 1 um).

The compositions of CZTSe films selenized at 400,

Fig. 5. Raman scattering spectra of CZTSe flims selenized at 400,

450, and 500
o
C from the precursor with Cu2-xSe/SnSe2/ZnSe stack.

Fig. 4. XRD patterns of CZTSe films selenized at 400, 450, and

500 oC from the precursor with Cu2-xSe/SnSe2/ZnSe stack.

Fig. 6. Auger depth profiles of the CZTSe film selenized at 400
o
C

from the precursor with Cu2-xSe/SnSe2/ZnSe stack.
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450, and 500 oC from the precursor with Cu/SnSe2/ZnSe
stack were taken by EDS and are summarized in Table 2.
The data show that the Cu/(Zn + Sn) and Zn/Sn ratios are
significantly increased at 500 oC selenization. It was also

expected from the thickness reduction at 500 oC
selenization. The result suggests that a thicker Cu metal
layer is necessary to prevent Sn loss for 500 oC annealing. 

Fig. 8 shows the XRD patterns of the CZTSe films
selenized at 400, 450, and 500 oC from the precursor with
Cu/SnSe2/ZnSe stack. Only CZTSe peaks appeared in the
samples prepared at 400 and 450 oC. But at 500 oC, a
small CuSe peak starts to appear near 2θ = 27º. To further
identify secondary phase in the film, Raman spectroscopy
is employed.

Fig. 9 shows the Raman scattering spectra of the
CZTSe films selenized at 400, 450, and 500 oC from the

Fig. 7. SEM surface morphologies (a,c,e) and cross sections (b,d,f) of CZTSe films selenized at 400 (a,b), 450 (c,d) and 500
o
C (e,f) from

the precursor with Cu/SnSe2/ZnSe stack.

Table 2. The compositions of precursor and CZTSe films fabricated

from the precursor with Cu/SnSe2/Zn stack, after annealing at 400,

450 and 500 oC.

Ratios precursor 400 oC 450 oC 500 oC

Cu/(Zn + Sn) 1.18 1.07 1.19 1.36

Zn/Sn 0.82 0.99 1.14 1.79

Se/Metals 0.84 1.01 1.04 0.98

Fig. 8. XRD patterns of the CZTSe films selenized at 400, 450, and

500
o
C from the precursor with Cu/SnSe2/ZnSe stack.

Fig. 9. Raman scattering spectra of CZTSe films selenized at 400,

450, and 500 oC from the precursor with Cu/SnSe2/ZnSe stack.
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precursor with Cu/SnSe2/ZnSe stack. At 400 and 450 oC,
only CZTSe peaks have appeared. At 500 oC, a very small
CuSe peak has appeared. When Cu2-xSe was employed as
the top layer, the CuSe peak appears at 450 oC. Our results
clearly indicate that the top Cu metal layer is a much
better encapsulation layer than the top Cu2-xSe layer. How-
ever, the thickness of Cu should be thicker to entirely pre-
vent Sn loss at 500 oC or higher-temperature selenization.

Fig. 10 shows the Auger depth profiles of the CZTSe
flims selenized at 400 (a) and 450 oC (b) from the
precursor with Cu/SnSe2/ZnSe stack. At both tempera-
tures, the Se content is uniform throughout the CZTSe
film. But the Cu content is very high at the surface and is
accumulated near CZTSe/Mo interface. The high Cu
content at the surface is due to the top Cu precursor
layer. But the Cu accumulation near CZTSe/Mo interface
is unexpected result. The origin of Cu accumulation near
the interface is not known yet. Note that the Zn content is
high at the surface. Thus phenomenon is also unexpected

because the original ZnS layer was located the CZTS/Mo
interface. Our results suggest that Cu and Zn strongly
attract each other and the diffusivity of Cu and Zn are
high enough to accumulate on the surface and interface.
The Sn content is low at the surface due to Cu barrier
layer and later due to Sn loss. It is necessary to anneal
the same in a non-vacuum SnSe2 environment.

4. Conclusion

In this study, CZTSe thin films were formed through
two-step method(precursor deposition and selenization).
To prevent the voids at the CZTSe/Mo interface binary
selenide compounds such as Cu2-xSe, SnSe2, and ZnSe
were employed. To prevent the Sn loss during heat treat-
ment, Cu2-xSe or Cu was used as top encapsulating layer.
Two kinds of precursors(Cu2-xSe/SnSe2/ZnSe and Cu/
SnSe2/ZnSe) have been designed for the purpose and they
were reacted in a vacuum chamber with Se supply from
Knudson cell. The CZTSe film was completely formed at
400 oC with small grains. No voids were observed at the
CZTSe/Mo interface. However, severe Sn loss was ob
served by selenizing the precursors at 500 oC for Cu2-xSe
encapsulation. The Cu encapsulation provided better film
morphology and less Sn loss compared to Cu2-xSe encap-
sulation. Even though void formation was prevented, Sn
loss was still problem in our experiment. We found that
it is necessary to anneal the same in a non-vacuum SnSe2
environment to fabricate a high-quality CZTSe film.
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