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Abstract—Cu2ZnSnSe4 (CZTSe) thin films are grown on
GaAs(001) by molecular beam epitaxy in order to produce
epitaxial reference material for the characterization of the fun-
damental physical properties of the semiconductor. The epitaxy
is made possible by a new high temperature co-evaporation
process which takes into account that CZTSe easily decomposes
at the growth temperatures used. The co-evaporation process
can easily be transferred to polycrystalline films on molybdenum
coated glass substrates for absorbers in solar cells. By using a
considerable pressure of SnSe, the decomposition can be avoided.
This manuscript describes the growth process and how a specific
composition can be grown with high precision. X-Ray diffraction
measurements confirm that CZTSe grows epitaxially on GaAs.
Raman spectroscopy and Photoluminescence measurements are
used to study the occurrence of secondary phases and the quality
of the films.

Index Terms—Cu2ZnSnSe4, MBE, Raman spectroscopy, Epi-
taxy

I. INTRODUCTION

Cu2ZnSnSe4 (CZTSe) semiconductor compounds are cur-
rently studied extensively as absorber layers for highly efficient
and low cost thin film solar cells. The development is rapid and
solar cells based on pure selenide absorbers already reached a
power conversion efficiency of 9.1% [1]. However, not much is
known about the fundamental properties of the semiconductor.
The development is focused on improving the solar cells,
which is determined by the p- and n-type semiconductors, the
buffer layer, the backcontact and the sum of all interfaces.
Solar cells are grown on soda lime glass coated with a
molybdenum back contact. Diffusion of impurities from the
glass will, to a certain extend change the properties of the
absorbers in a beneficial or detrimental way. Recently Li et al.
[2] showed that the incorporation of Na in CZTSe improves the
fill factor (FF) and the open-circuit voltage (VOC) of the solar
cells. Oxidation during or after growth is discussed rarely but
will also affect the properties of the semiconductor. Repins et
al. [1] showed that surface oxidation prior the CdS deposition
leads to a significant improvement in FF.

Moreover, all absorber layers are polycrystalline. Grain
boundaries will change the properties of the films since they
lead to an interruption of the long range order of the crystal.
They might act as recombination centers, electric charges
lead to upward or downward band bending and they may
act as sinks for impurities such as sodium, oxygen, cadmium
and sulfur [see for example [3] for the Cu(In,Ga)Se2 case].
Therefore thin films grown without grain boundaries and
without doping or passivation due to impurities are essential
to foster the knowledge on electronic defects and transport

properties of the CZTSe semiconductors and will pave the
way to further improve the solar cell efficiency.

This manuscript describes the growth of CZTSe on
GaAs(001) by molecular beam epitaxy. The lattice mismatch
between GaAs and CZTSe is only 0.6% and consequently
epitaxial growth should be possible. The ultimate goal is
to produce high quality single phase material without grain
boundaries. The experiments described here give first insights
into the growth mechanisms. It is known that the crystal
structure and the lattice constants of CZTSe, and the two
most prominent secondary phases namely Cu2SnSe3 (CTSe)
and ZnSe are very similar [CZTSe: a=5.688 Å c/a=1.993
(ICDD:04-010-6295) , cubic ZnSe: a=5.66882 Å (ICDD: 00-
037-1463), cubic CTSe: a=5.684 Å (ICDD: 03-065-4145)].
Therefore X-Ray diffraction is not a suitable tool to discern
these phases since all major reflexes overlap. Further it can
be assumed that these phases will also grow epitaxially on
GaAs. Moreover the c/a ratio of the CZTSe is very close to
2 and consequently we will not be able to identify the exact
growth direction of the film (along the c-axis or along the
a,b-axis). Throughout the rest of the manuscript we assume
that the growth proceeds along the c-axis. So far we are
able to grow epitaxial CZTSe on GaAs under Cu-rich [i.e.
Cu/(Zn+Sn)>1)] conditions and slightly Cu-poor conditions.
The growth process will be presented and the films have been
characterized by Raman spectroscopy, X-Ray diffraction and
Photoluminescence.

II. EXPERIMENTAL

The Cu2ZnSnSe4 thin films are grown in a molecular beam
epitaxy (MBE) system equipped with Cu, Zn and Sn metal
sources. In addition a SnSe source and a Se valved cracker
source are available. During the growth the system pressure
does not exceed 3·10−8 torr (base pressure 1·10−8 torr without
backout). We use GaAs(001) epi-ready substrates. The wafers
used here are heavily Zn-doped (i.e. p-type doping ≈ 1019

1/cm3) in order to facilitate the heating of the substrate and
the thermal contact to the sample holder.

The sample temperature is controlled with a pyrometer
and the fluxes are measured with a pressure gauge and a
quartz crystal monitor. The growth process consists of two
stages which will be described in the next section. The growth
process, as described here, has also been used on Mo coated
glass substrates and the maximum solar cell efficiency of this
process is currently 4.6 %. In this manuscript we will limit
the discussion to the growth on GaAs. The samples have
been characterized with Raman spectroscopy with 514.5 nm
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laser excitation [4], photoluminescence (PL) measured at room
temperature, scanning electron microscopy (SEM) equipped
with an energy dispersive X-Ray analyzer (EDX) operated
at 20 kV acceleration voltage and X-Ray diffraction (XRD)
measured with a Cu Kα-source in a ϑ-2ϑ geometry. Some
samples have been etched in Br-Methanol or concentrated HCl
in order to perform Raman and PL measurements at different
depths of the samples.

III. GROWTH PROCESS

The growth process described in the following is similar
to the CZTSe coevaporation process by Repins et al. [1].
Therefore the reported process is briefly described followed by
a discussion of our modifications. NREL’s process is divided
into two main parts: first all elements are co-evaporated and
in a second step only Sn and Se are evaporated in order to
improve the crystal quality of the absorber. Moreover a low
Zn rate during stage two is used. They use a high selenium
pressure in order to prevent the decomposition of CZTSe.

It is well known that CZTSe decomposes at high temper-
atures which leads to the formation of ZnSe, CuxSe, SnSe
and Se [5]. Since SnSe and Se are materials with a high
vapor pressure at the growth temperature they will evaporate
and only CuxSe and ZnSe are left behind. It has already
been shown some time ago that low partial pressures of
Se [4·10−6 torr] already lead to decomposition of CZTSe at
temperatures higher than 350◦C [6]. The Se partial pressures
described in reference [1], [7] are too high to be used in a MBE
system [8·10−5 torr]. However there is a way to circumvent
the high Se pressures. The decomposition of CZTSe can also
be stopped if SnSe and Se are used [8], [9]. For the sulfur
based kesterites [10] it has been shown that this is a way
to reduce the chalcogen partial pressure without noticeable
decomposition of the CZTS film. Therefore we decided to use
not only a Sn source but an additional SnSe source in order
to increase the Sn and Se supersaturation at the sample. This
enables us to use lower Se partial pressures during growth
which are compatible with a ultra high vacuum system (≈ 10
times lower as reported by Hsu et al. [7]). Moreover, we use
a Se cracker nozzle which is heated to 1000◦C during the
evaporation of Se. The Se vapor consequently consists almost
entirely of Se2 instead of Sen-rings (n=2-8). This procedure
aims at increasing the reactivity of the chalcogen vapor in
order to bind all elements more effectively.

The process used in this work is schematically shown in
Fig. 1(a),(b). In Fig. 1(a) the temperature profile is shown.
We performed experiments at different growth temperatures.
However this does only shift the complete profile up and
down and the general trends stay the same. We use a constant
heater temperature during growth and measure the substrate
temperature with a pyrometer. The pyrometer is not calibrated
to the GaAs wafers but to Mo coated glass substrates. This
enables us to compare the final temperatures of both processes.
In this case the final temperature was 450 ◦C. Throughout
the manuscript we will use this temperature as a reference
and not the temperature at the beginning of the process since

Fig. 1. Sketch of the growth process. (a) Temperature profile of the heater
and the surface. (b) metal and chalcogen fluxes as a function of process time.
(c) final film composition as a function of the Cu flux. Cu/(Zn+Sn) and Zn/Sn
are plotted vs the Cu flux measured with a quartz crystal monitor.

it is certainly only an estimate of the substrate temperature.
Figure 1(b) schematically shows how the different metal and
chalcogen fluxes are set during growth. At the very beginning
of the process we start the growth by opening all five shutters
simultaneously. A sudden jump in temperature is observed
which is attributed to additional heating and IR-reflection from
the sources when the shutters are opened. In the following 45
minutes all five sources evaporate material and the thin film
grows in thickness. This can also be seen in the pyrometer
signal which shows Fabry-Pérot interference fringes. They
arise from the constructive or destructive interference of the
IR-radiation due to a change of the film thickness.

After 45 minutes the Cu and Zn fluxes are switched off and
only Sn, SnSe and Se are deposited for additional 30 minutes.
We observe a small decrease in the pyrometer signal since
three sources cause less additional heating than five. In the
following 30 minutes no significant changes in the pyrometer
signal are observed and we can assume that the film thickness
does not change anymore. Finally the sample is cooled down
as fast as possible. During cool down Se is supplied for an
additional 6 minutes in order to prevent decomposition during
cool down.

Figure 1(c) shows how a specific film composition can be
achieved. All sample compositions presented in Figure 1(c)
have been grown at constant element fluxes except Cu and at
a constant temperature of 450◦C. The relative Cu rate indicated
here is measured with a quartz crystal monitor. The rates are
relative since geometrical effects are not taken into account.
The ordinate of Figure 1(c) shows the final metal ratios in the
films as measured with energy dispersive X-Ray analysis. As
expected we observe an increase in the Cu/(Zn+Sn) ratio with
increasing Cu flux. In addition the Zn/Sn ratio systematically
increases with decreasing Cu flux. Consequently the final
composition of the film can be varied in a systematic matter
via the Cu flux.

In Figure 2 the element concentrations are plotted in the
quasi-ternary phase diagram adapted from Dudchak et al. [11].
The Cu, Zn and Sn concentrations, as measured via EDX, are
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Fig. 2. Sample compositions (red squares) presented in Fig. 1(c) plotted
in the quasi-ternary phase diagram adapted from reference [11]. Chalcogen
content is assumed to be stoichiometric. The width of the two phase regions
marked with light blue lines are not known.

depicted in the diagram. Se is assumed to be stoichiometric
and the Zn, Sn and Cu oxidation states are chosen such that
they match the oxidation states in CZTSe. The dark blue spot
in the center of the diagram marks the single phase region
which is, according to calculations, very small [12]. The light
blue regions are two phase regions where CZTSe and one
secondary phase are present. At this point it has to be stressed
that the width of these two phase regions is not known at
present. In the rest of the phase diagram CZTSe and two
additional secondary phases are present. It is clearly visible
that the evolution of the composition (red squares) is parallel
to the Cu2SnSe3-ZnSe tie-line. Taking into account that the
accuracy of the EDX measurement is limited and the width
of the tie-lines unknown it is reasonable to assume that the
composition varies systematically in the two phase region, i.e.
on the ZnSe-CTSe tie-line. We will see in the following that
we detect CTSe and ZnSe in those regions.

Moreover, the process is completely self-limiting and we
only need to control the Cu flux in order to grow a specific
composition. This can be explained as follows. We grow the
film in an excess Se and in an excess Sn environment. The
excess is chosen as high as possible but low enough to prevent
condensation during growth. If Cu/Zn>2 then CZTSe forms
and the excess Cu will form a Cu2SnSe3 secondary phase. If
the Cu is decreased less Sn is incorporated since there is less
Cu to form Cu2SnSe3. In the case of Cu/Zn<2 not all the Zn
can be incorporated in the CZTSe anymore since not enough
Cu is present. Consequently a ZnSe secondary phase forms.
The growth of CZTSe, which relies on four elements that
have to be introduced in the right amount effectively reduces
to a situation where the Cu concentration governs the final
composition and the occurrence of secondary phases.

IV. CHARACTERIZATION RESULTS AND DISCUSSION

Before we discuss in more detail which secondary phases
are present at which composition we would like to illustrate

Fig. 3. Growth of CZTSe at two different substrate temperatures [(a),(c):
400◦C], [(b),(d): 460 ◦C]. (a),(b) SEM cross section images of the absorbers.
(c),(d) Raman spectroscopy measurements of the as grown samples and after
chemical etching (details see text).

how the sample temperature changes the growth behavior
and the control of the composition as described in the pre-
ceding section. Figure 3 shows SEM cross section images
and Raman spectroscopy measurements of two films grown
at different substrate temperatures and under Cu-excess, i.e.
Cu/(Zn+Sn)>1. Figure 3(a),(c) depicts a film which has been
grown at a substrate temperature of 400 ◦C. This temperature
is significantly lower than the process temperature shown in
Fig. 1. The horizontal black line in the SEM image marks the
GaAs/CZTSe interface. On top of the GaAs we observe a film
without grain boundaries with a thickness of roughly 1.3µm.
However on top of the epitaxially grown film in Fig. 3(a)
we observe a polycrystalline layer. Raman spectroscopy is
shown in Figure 3(c) where four Raman modes at 106 cm−1,
128 cm−1, 148 cm−1 and 184.7 cm−1 are identified. The first
three modes can be assigned to SnSe. The assignment has been
carried out with the SnSe material from the evaporation source.
The last peak at 184.7 cm−1 can be assigned to SnSe2 reported
at 185 cm−1 [13] or the main mode of CTSe reported at
180 cm−1 [14]. From the Raman mode position SnSe2 is more
probable. In the next step the SnSe layer has been removed
selectively with concentrated HCl (37 vol%) for 10 minutes
[15]. After etching the composition is Cu/(Zn+Sn)= 1.05,
Zn/Sn=0.65 i.e. Cu-rich and Sn-rich. Raman spectroscopy after
etching is presented in Figure3(c) (blue line). The SnSe modes
are not visible anymore and two new modes at 170 cm−1 and
193 cm−1 together with an additional small and broad signal
at 235 cm−1 to 250 cm−1 are observed. The additional modes
are characteristic to CZTSe [14]. The mode which has been
identified with SnSe2 prior to etching shifts significantly to
lower wavenumbers. We currently assign the peak at 183 cm−1

to CTSe.
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This process can be summarized as follows. At 400 ◦C the
SnSe, Sn and Se fluxes are high enough to form a SnSex layer
(1<x<2) on top of the CZTSe/CTSe. Since the final film con-
sists of a two-layer structure it is likely that the condensation
occurred during the second stage of the process where Sn,
SnSe and Se are evaporated. The slightly lower temperatures
during the second stage (see Fig. 1(a)) compared to the first
stage favors the SnSe condensation. Since this sample has been
grown together with Mo coated glass substrates in the same
sample holder, the interference fringes in the pyrometer cannot
be used to draw any conclusions related to SnSe condensation.
We can therefore not exclude that during the first stage already
some SnSe has condensed on the sample surface.

Lowering the temperature even further leads to an even
stronger condensation of SnSe on top of the film and Sn
incorporation into the film.

The second important observation is that CZTSe and CTSe
grow, as far as it can be judged from cross-sectional SEM im-
ages epitaxially since no clear grain boundaries are observed.
Since the film has been grown under Cu-excess a Cu2SnSe3
secondary phase is present. Since the lattice constants of
both compounds are very similar we observe a CZTSe/CTSe
mixture without grain boundaries.

In Figure 3(b),(d) a process is shown which has been grown
at 460◦C, i.e. very similar to the process shown in Fig. 1.
In contrast to the process at 400◦C we observe no SnSe
condensation and the film grows, according to SEM cross
sections, epitaxially. Raman spectroscopy on the as-grown
surface reveals that under these conditions the material is
still not single phase. The composition of the final film is
Cu/(Zn+Sn)=1.13 and Zn/Sn=0.55 and we observe a rather
low Raman signal with two modes at 192 cm−1 and roughly
170 cm−1 as well as a Raman mode at 180 cm−1 (most likely
the main modes of CZTSe and CTSe respectively). In order to
study the bulk of the layer roughly 500 nm have been removed
chemically with the help of bromine methanol (for details of
the etching process see [16]). After this procedure we observe
all the characteristic Raman peaks of CZTSe [Fig. 3(d) blue
curve]. However we need to take into account that, according
to our experience, the Raman yield for CZTSe is much higher
than for CTSe. Consequently small remainders of CTSe cannot
be excluded.

The films presented in the preceding section where both
Cu-rich and Sn-rich. As a consequence a Cu2SnSe3 secondary
phase has been detected, in accordance with the phase diagram
presented in Fig. 2. The influence of a reduced Cu-flux is
exemplary shown in Fig. 4. All samples presented in the
following have been grown at roughly 450◦C [process and
temperature profile identical to the one presented in Fig. 1.
However the damping of the interference fringes was not
always the same]. The composition of the film shown in Figure
4(a) is Cu/(Zn+Sn)= 1.19 and Zn/Sn= 0.49, i.e. Cu-rich and
Zn-poor. The composition of the film shown in Figure 4(b) is
Cu/(Zn+Sn)= 0.93 Zn/Sn= 0.96, i.e. Cu-poor and slightly Zn-
poor. The Cu-rich film is very flat and we do not observe any
grain boundaries in the topview SEM images. The Cu-poor

film is very different. We observe large patches of a different
material on top of a flat surface. Spot-EDX measurements on
the white parts of the image show that these parts of the sample
are highly Zn rich (Zn/Sn=1.42 compared to Zn/Sn=0.84 on
the flat parts of the sample). From the measured composition
we conclude that under Cu-poor conditions a ZnSe secondary
phase segregates on top of the CZTSe. Preliminary results on
samples that are grown under even more Cu-poor and Zn-rich
conditions show that the epitaxy is lost and the film growth
polycrystalline.

10µm2 mμ

(a) (b)

(d)(c)

Fig. 4. (a) Topview SEM micrograph of a sample with a composition of
Cu/(Zn+Sn)= 1.19 and Zn/Sn= 0.49. The surface is extremely flat and no grain
boundaries are observed. (b) SEM micrograph of a sample with a composition
of Cu/(Zn+Sn)= 0.93 and Zn/Sn= 0.96. Magnification scale much lower than
(a). (c) Room temperature photoluminescence spectrum on a Cu-poor and
Zn-rich film. (d) Raman spectrum of a Cu-poor and Zn-rich film. All Raman
modes can be assigned to CZTSe in contrast to Fig. 3(d).

Figure 4(c) shows the result of a photoluminescence mea-
surement performed at room temperature on a Cu-poor and
Zn-rich film. We observe a rather broad PL transition in
the range of 0.95 eV in agreement with literature [1]. In
some of the Cu-poor samples (not shown here) we also
observed a transition at roughly 1.2 eV. This transition has
recently been assigned to a defect transition in ZnSe [4].
Raman spectroscopy measurements (Fig. 4(d)) performed on
this sample do not give any hint on a large quantity of CTSe
as in the Cu-rich case presented in Figure 3. We also measured
PL on the epitaxially grown Cu-rich absorber in an energy
range between 0.8 eV and 1.6 eV. The intensity is below the
detection limit. Currently we attribute this observation to the
presence of the CTSe secondary phase in these layers which
is thought to strongly increase the amount of non-radiative
recombination.

Finally some of the samples discussed above have been
analyzed via X-Ray diffraction. In Figure 5(a) several samples
with different compositions have been analyzed. All mea-
surements have been normalized to the highest reflection and
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Fig. 5. (a) X-Ray diffraction measurements performed on CZTSe samples
with different compositions. The black lines at the bottom of the figure shows
reflections that originate from the GaAs substrate. The red lines show the
positions of the CZTSe reflections (details see text). The reflections indicated
with ∗ arise from the sample holder and the reflection # is also visible in
the GaAs reference measurement. The yellow boxes mark transitions which
arise from one crystal plane. The multiple reflections are due to the X-Ray
source (details see text) (b) enlarged view of the (004) region of the GaAs
substrate in order to highlight the occurrence of different reflections due to
X-Rays with different energies.

the ordinate is plotted on a logarithmic scale. Moreover an
uncoated GaAs wafer has been analyzed in order to see which
reflections arise from the thin film and which reflections are
due to the X-Ray setup. At first sight the result looks very
confusing and a large amount of reflections are observed.
GaAs(001) should only show two reflections, namely the
(002) [2ϑ=31.634◦] and the (004) [2ϑ=66.068◦] reflection in
the angular range presented here. In our case many more
reflections are observed on the bare GaAs substrate. The
reason for this will be discussed in the following.

The X-Ray diffraction study presented here has been per-
formed with a Cu X-Ray source. The system is equipped with
a Cu Kβ-filter which removes roughly 99 % of the X-Rays
with this energy. The X-Ray beam will therefore consist of
Kα1,2 and a small amount of Kβ radiation. However, it is
known that due to the aging of the X-Ray source we might
also observe some reflections that originate from a tungsten

contamination. In order to clarify which of the observed
reflections arise from different crystallographic planes and
which reflections arise from different lines or materials in the
X-Ray source a zoom-in of Fig. 5(a) is presented in Fig. 5(b).
The (004) region of the GaAs(001) is shown in this spectrum.
The reflection at 66.07◦ corresponds to the (004) reflection
of the GaAs substrate. At slightly larger angles we observe a
second transition which can be attributed to the Kα2 reflection
of the GaAs(004). Additionally we observe some contributions
from the Kβ1,5 and W Lα1,2 lines. Moreover there is a small
shoulder visible in the main reflection (labeled with ?). This
shoulder is also present in the GaAs reference measurement
but has not been assigned yet.

From these considerations follows that each reflection from
a crystal plane produces not only one but several peaks in
the XRD diffractogram. In order to highlight these groups of
reflections in Figure 5(a) a yellow box has been drawn around
the different groups of transitions. Inside the groups red and
black lines mark the positions of the GaAs substrate and the
CZTSe film for the various energy distributions of the source.
It can be seen that the GaAs(002) and GaAs(004) reflections
coincide with the CZTSe (004),(008) reflections. However the
(002) and (006) reflections of the CZTSe do not coincide with
the substrate. For the Cu-rich and slightly Cu-poor films no
other peaks can be observed in the XRD spectra except the
two reflections that are labeled with ∗ which arise from the
sample holder and one additional small contribution labeled
with #. This reflection is also present in the GaAs reference
spectra and probably arises due to W Lβ1 transition in the
X-Ray gun.

It is interesting to note that the sample which is the most
Cu-poor and Zn-rich shows one additional reflection which is
situated at 2ϑ=27.18◦. This reflection coincides nicely with
the (112) reflection of the CZTSe, i.e. the strongest reflection
in CZTSe powder samples. The film is still highly oriented but
we start to observe polycrystalline inclusions in the epitaxial
layer. The transition from epitaxial to polycrystalline growth is
currently under investigation and will not be discussed further.
First experiments show that samples grown with even less Cu
show a large number of different grains in the topview SEM
images in large contrast to the samples presented in here.

We also observe small compositional variations in the (008)
CZTSe reflections which coincide with the GaAs reflections.
Unfortunately the shoulder in the (004) reflection labeled
with ? inhibits a careful analysis of this shoulder. The (006)
reflection however, which is not influenced by the GaAs,
shows that the peak position varies as a function of the
composition. Increasing the Cu concentration leads to a small
increase of the reflection angle (0.1◦ variation from the lowest
Cu-content to the largest Cu-content). Since we measured
different amounts of ZnSe and Cu2SnSe3 secondary phases
in the samples it is likely that the changes in the position of
the reflection are due to secondary phases. However different
amounts of strain can also be a reason for the small changes
in the lattice constant which consequently leads to a change
in the position of the reflections.
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V. SUMMARY

We show that epitaxial CZTSe can be grown on GaAs(001)
with a five source co-evaporation process. The process does
not only prevent decomposition of the film due to Se and SnSe
evaporation but the composition can be controlled solely by
the Cu and Zn flux. Variations in composition can be achieved
through variations in the Cu flux and Sn and Se incorporate
in a self-limiting way. If the sample composition is Cu-rich
(Cu/(Zn+Sn)>1) we observe the formation of a Cu2SnSe3
secondary phase. Changing the composition to Cu-poor leads,
according to EDX analysis to segregation of a high amount of
a Zn-rich phase on the top of the absorber. We currently assign
this secondary phase to ZnSe. Photoluminescence and Raman
measurement corroborate that the sample is indeed CZTSe and
X-Ray diffraction shows that the film grows epitaxially along
the (001) direction. If the composition is too Cu-poor we start
to observe polycrystalline CZTSe inclusions in the film.
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