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Epitaxial Cu2ZnSnSe4 (CZTSe) thin films have been grown via high temperature coevaporation on GaAs(001).
Electron backscattering diffraction confirms epitaxy in a wide compositional range. Different secondary phases
are present in the epitaxial layer. The main secondary phases are Cu2SnSe3 and ZnSe which grow epitaxially
on top of the CZTSe. Transmission electron microscopy measurements show that the epitaxial CZTSe grows pre-
dominantly parallel to the c-direction. Epitaxial CZTSe solar cells with amaximumpower conversion efficiency of
2.1%, an open-circuit voltage of 223 mV and a current density of 16 mA/cm2 are presented.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The Cu2ZnSnSe4 (CZTSe) semiconductor compound is used as an ab-
sorber layer in thinfilm solar cells. Thematerial exhibits a direct bandgap
close to 1.0 eV and the current record power conversion efficiency is 9.7%
[1]. One of the challenges of this material class is the theoretically pre-
dicted small single phase existence region [2], which was also measured
experimentally [3]. The most prominent secondary phases are ZnSe and
Cu2SnSe3 (CTSe). All three materials have very similar lattice constants
and consequently they are very difficult to discriminate with conven-
tional X-ray diffraction techniques. The solar cell absorbers are usually
grown on molybdenum coated glass substrates. Consequently the ab-
sorbers are polycrystalline with typical grain sizes in the micrometre
range. Secondary phases can been identified inmost solar cell absorbers,
at the heterojunction [4,5], at the back contact [6] and in the absorber
layer [4]. Even in the current record sulfur–selenide devices with effi-
ciencies up to 12.6% a ZnS(e) secondary phase is present at the
heterojunction [7]. The secondary phases severely influence the opto-
electronic properties of the absorbers and of the resulting devices.

The Cu2SnSe3 secondary phase is very harmful for the solar cells. The
low bandgap material deteriorates the maximum open circuit voltage
[8]. It has been shown recently that solar cells with a few nanometers
of a Cu2SnSe3 on top of the CZTSe show no efficiency [4]. However,
one has to be careful since CTSe can exist in different modifications. A
monoclinic Cu2SnSe3 has been reported byMarcano et al. [9]. Moreover
cubic Cu2SnSe4 [10], cubic Cu2SnSe3 [11] and a low temperature ortho-
rhombic modification [12] have been reported.

The ZnSe secondary phase is not as harmful as the low bandgap
CTSe. ZnSe is present in a lot of absorbers and has been reported to be
ritt).
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responsible for current blocking [13], high series resistance [14] and
increased reverse saturation current densities [4].

In polycrystalline absorbers the control and the detection of the sec-
ondary phases are very challenging. It is the aim of this contribution to
shed light into the formation of the secondary phases in high tempera-
ture coevaporation. In order to simplify the situation CZTSe is grown
epitaxially on GaAs(001) in order to form absorbers without grain
boundaries and under well controlled conditions. The lattice mismatch
of the substrate and the CZTSe film is only 0.6% and consequently
epitaxial growth is possible.
2. Experimental

The absorber layers have been grown in a molecular beam epitaxy
system equippedwith four effusion cells (Zn, Cu, Sn, SnSe) and the sele-
nium is supplied via a valved cracker source. The cracker of the source is
heated to 1000 °C during deposition in order to maximize the reactivity
of the selenium species. The GaAs(001) epi-ready wafers are heated to
500 °C prior to the deposition. The substrate temperature is monitored
with a pyrometer. The growth process has already been described in
[15] and consists of two stages. During the first stage, all five elements
are coevaporared for a duration of 45 min. We used a Sn and a SnSe
source in order to compensate for the SnSe losses during growth [16].
SnSe exhibits a significant vapour pressure at the growth temperature
and consequently tin has to be supplied in excess. After 45 min the Cu
and Zn sources are switched off and the absorber layer is annealed in
a Sn, SnSe and Se atmosphere for additional 30min. A similar post depo-
sition annealing stage has also been described in [17] in the case of poly-
crystalline CZTSe growth. The film thicknesses of the absorbers
presented in this manuscript are: 1.6 μm for the Cu-rich film, 1.1 μm
for the stoichiometric film and slightly below 1 μm for the Zn-rich film.
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The sample homogeneity has been analysed by scanning electron
microscopy (SEM) equipped with an energy dispersive X-ray analysis
(EDX) detector. The analysis presented in this study has been per-
formed at 20 kV acceleration voltage. Epitaxy is confirmed via electron
backscattering diffraction (EBSD) measured at 15 kV acceleration volt-
age with a beam current of 5 nA. The EBSD patterns presented here
have been acquired by scanning the beam over an area of roughly
100 μm × 100 μm.

For transmission electronmicroscopy (TEM) investigations a Philips
CM200 operated at 200 kV was used for electron diffraction and dark-
field TEM experiments. The EDX measurements were performed with
a TITAN³ 80-300 operated at 300 kV. The TEM cross-sectional specimens
were prepared along the [110] crystallographic direction and Ar+-ion
milling was used for final thinning to electron transparency.

Micro-Raman spectroscopy has been performed in a home built
confocal setup equipped with an argon ion laser operated at a laser
wavelength of 514.5 nm.

Solar cells have been fabricated in a similar way as the CZTSe ab-
sorbers grown on Mo coated glass. After the absorber fabrication a CdS
buffer layer is grown via chemical bath deposition followed by amagne-
tron sputtered undoped ZnO and Al-doped ZnO double layer. A Ni/Al
grid is grown on top of the window layer and an Au back contact is
grown at the back of the highly doped GaAs substrate. Consequently
the film structure consists of n+ window layer, a p-doped CZTSe and
a p+ GaAs substrate. In the case of Cu(In,Ga)Se2, epitaxial solar cells
with efficiencies close to 7% have been achieved with the same layer
stacking [18].

3. Results

Fig. 1 depicts scanning electron microscopy images of the sample
surfaces and electron backscattering diffraction images of correspond-
ing samples. In Fig. 1(a), (d) the composition is Cu-rich and Zn-poor
[Cu/(Zn + Sn) N 1, Zn/Sn b 1]. No grain boundaries are visible in the
SEM micrograph and the large area EBSD analysis depicted in
Fig. 1(d) corroborates that the sample is epitaxial. In the case of a poly-
crystalline sample no Kikuchi lines would be observed in the rastering
mode over an area of 100 μm × 100 μm. An extremely large number
Fig. 1. SEMmicrographs and corresponding large area EBSD patterns of three different samplesw
with a composition close to stoichiometry in the Zn/Sn ratio, (c), (f) Cu-poor and Zn-rich comp
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of different Kikuchi lines would be superimposed and an EBSD pattern
would be absent. As we observe clear Kikuchi lines which can be
indexed with a single pattern, epitaxy is confirmed.

Lowering the Cu ratio leads to a significant roughening of the film
and white patches with an extension of several micrometres are visible
in the SEM micrograph (Fig. 1(b)). Despite the drastic change in mor-
phology and the inhomogeneous appearance the sample is still epitaxial
as shown in Fig. 1(e). Lowering the Cu ratio even further leads again to a
more homogeneous film. The sample is epitaxial as shown in Fig. 1(f).
The compositions of the films are all situated on the Cu2SnSe3/ZnSe tie
line of the quasi ternary phase diagram, as already discussed in [15].

In all three cases the EBSD pattern has been acquired on a large area
and only a single set of Kikuchi lines has been observed. The pattern has
been indexed according to the I-42m crystal structure (ICDD: 04-010-
6295) and good agreement has been achieved as shown in Fig. 2(a). It
has to be noted here that the indexing shown in Fig. 2(a) has been
donewith the sample tilted by 70°. If the sample tilting is taken into ac-
count the out of plane orientation of the film is either (001) or (100). It
was not possible to distinguish between the two possible growth direc-
tions of CZTSe. Moreover, we have to emphasize that we also found a
good agreement if we consider a cubic zinc blende type structure. In
CZTSe, the c/a ratio is very close to two and consequently the EBSD anal-
ysis is not capable of resolving the difference between a cubic ZnSe, a
cubic/tetragonal CTSe or a tetragonal CZTSe crystal structure. Although
themeasurements confirm that the sample is epitaxial, we still observe
a significant blurring of the EBSD pattern. The most likely reason is sur-
face contamination which is known to reduce the EBSD signal [19]. The
sample has been exposed to air several times for prolonged periods
prior to the EBSD analysis. No cleaning of the surface has been done.
Moreover, strain and mixtures of (001) and (100) oriented tetragonal
and cubic phases will influence the pattern quality.

In order to analyse the inhomogeneous epitaxial absorbers further
the samples have been analysed by Raman spectroscopy (Fig. 2(b))
and energy dispersive X-ray analysis as shown in Fig. 2(c)–(e). The
Raman spectrum acquired on the Cu-rich film shows that the most
intense Ramanmode is located at 180 cm−1. Thismode is commonly at-
tributed to a monoclinic Cu2SnSe3 [9]. However, all Raman peak posi-
tions have to be shifted by 3 cm−1 to higher wavenumbers in order to
ith different compositions. (a), (d) Cu-rich and Sn-rich growth conditions, (b), (e) sample
osition.
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Fig. 2. (a) EBSDpattern indexedwith the CZTSepattern, (b) Raman spectra of the sample (a) and (c) in Fig. 1, (c), (d) EDXmapping acquired at 20kVacceleration voltage. The Zn/Sn ratio is
depicted in (c) and theGaK line intensity is shown in (d). (e) The Zn/Sn ratios acquired during themapping are plotted in a histogram. The ratio exhibits a long tail to high Zn/Sn ratios. The
colour code above the graph is identical with the colour coding in Fig. 2(c).
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fit the measurement. The other contributions in the Cu-rich film can be
assigned to CZTSe where the two main modes are found at 193 cm−1

and 171 cm−1. It is interesting to note that the kesterite Raman modes
are shifted by roughly 3 cm−1 to lower wavenumbers. A possible expla-
nation could be that the films are strained. However we did not yet per-
form further measurements to confirm this assumption. The
stoichiometric and Zn-rich samples exhibit CZTSe Raman modes de-
scribed in literature with two main modes at roughly 193 cm−1 and
171 cm−1 and two low intensity modes at 235 cm−1 and 250 cm−1.
From the compositional point of view this result is nothing but expect-
ed. However, the EBSD patterns depicted in Fig. 1 are all very similar. A
zoom in of Fig. 1(e) together with the indexing is depicted in Fig. 2(a).
The indexing of the Kikuchi pattern is not compatible with the mono-
clinic CTSe fingerprint. From this analysis one has to conclude that
there is no monoclinic CTSe phase present in the vicinity of the sample
surface. This is particularly true for the Cu-rich sample where an addi-
tional Raman line at 180 cm−1 in the near surface region is observed.
This indicates that the Raman line at 180 cm−1 does not originate
from a monoclinic CTSe but rather from a cubic or tetragonal CTSe.

The stoichiometric sample presented in Fig. 1(b), (d) exhibits a very
inhomogeneous surface. In order to analyse the sample further an EDX
mapping has been performed and the result is shown in Fig. 2(c), (d).
The composition at each measured position (64 × 48 spots on roughly
130 × 90 μm2) has been deduced via a full EDX spectrum fitting includ-
ing atomic number, absorption and fluorescence correction. This en-
ables to get accurate element compositions and consequently also
element ratios. The colour coded Zn/Sn ratio is shown in Fig. 2(c). The
deduced ratios are also shown in a histogram presented in Fig. 2(e).
Please cite this article as: A. Redinger, et al., Epitaxial Cu2ZnSnSe4 thin fi
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The overall composition of the sample is close to stoichiometry. Howev-
er some parts are Zn-rich and other parts are Zn-poor. The Zn-rich parts
of the sample exhibit a much lower film thickness. This is shown in
Fig. 2(d) where the Ga signal is shown as a function of position. We ob-
serve an excellent correlation of the Ga-signal with the Zn-rich parts of
the sample. The Ga signal changes from 8 at.% (blue) to 24 at.% (red) in
the case where the quantification is made with the following elements:
Cu, Zn, Sn, Se, Ga, and As. The Zn-rich parts have been analysed with
Raman spectroscopy with a laser excitation of 485 nm (data not
shown) and we can confirm that a ZnSe secondary phase is present in
these areas. However, we do not observe a complete phase segregation
since in the Zn-rich areas a rather large Sn concentration is observed.
We therefore conclude that a ZnSe secondary phase is present on top
of the CZTSe. Due to the almost perfect lattice mismatch between
ZnSe and CZTSe, the secondary phase grows epitaxially on top of the
CZTSe.

The result is unexpected since the Zn-rich and Zn-poor areas are ex-
tremely large in dimension. The sample is grown via high temperature
coevaporation. The element fluxes are homogeneously distributed on
the atomic scale. Surface diffusion over tens ofmicrometres is a possible
but unlikely explanation.Moreover, ZnSe and CZTSe are latticematched
and consequently both phases can coexist without the formation of a
large number of dislocations, strain or grain boundaries. Lattice mis-
match as the driving force for the phase segregation of ZnSe and
CZTSe is not likely.

A plausible explanation could be that the growth rate depends on
the orientation of the growing film and/or substrate termination. Differ-
ent surfaces may form under Cu excess or Cu depletion which change
lms and devices, Thin Solid Films (2014), http://dx.doi.org/10.1016/
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Fig. 3. (a) {002} DF TEM image of the sample depicted in Fig. 1(b). The diffraction pattern (b) depicts CZTSe along the [110] zone axis. Next to the (220) and (004) reflections additional

weak reflections are present. These reflections (e.g. marked (002) reflection) can be used to identify CZTSe with the c-axis parallel to the growth direction. (c) {002} DF TEM image with
indicated EDXmeasuring points. (d) Comparison of two EDX spectra recorded at the positionsmarked in (c). Even if the crystal orientation at the two points is different, no differences can
be seen in the spectra.
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the sticking probabilities of the chalcogen and tin-chalcogenide. This
phenomenon has also been observed in other material systems [20]. A
direct consequence of different chalcogen sticking coefficients is the
amount of decomposition which is well known in CZTSe [16]. However,
more work has to be done in order to fully understand the growth of
CZTSe and the interplay of CZTSe with the possible lattice matched
ZnSe and CTSe.

In order to further investigate the epitaxial CZTSe films a TEM
analysis was carried out and the results are presented in Fig. 3.
Fig. 3(a) shows a dark-field (DF) TEM image of the CZTSe film depicted
in Fig. 1(b). Similar results have been obtained for the sample presented
in Fig. 1(a). The DF images were formed with the {002} reflections,
which are only present for tetragonal (kesterite/stannite) CZTSe orient-
ed along the [110] direction and a c-axis parallel to the growth direction
(see Fig. 3(b)). To form the DF image the specimens were tilted to a so
called two-beam condition, where the (002) reflection is excited with
maximum intensity. Fig. 3(b) displays a diffraction pattern of CZTSe
along the [110] zone axis. Indicated are the (004) and (220) reflections,
where the (004) reflection corresponds to the (002) reflection of a fcc
material. The differences of the indices are a result of the factor two of
the c/a ratio of the CZTSe unit cell compared to the cubic fcc unit cell.
The cubic ZnSe, Cu2SnSe3 structures and tetragonal (kesterite/stannite)
Fig. 4. (a) Current–voltage characteristics of the CZTSe solar cell. The inset schematically show
sponding device.
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structure with c-axis parallel to the film/GaAs interface do not exhibit
the additional weak reflections present in Fig. 3(b). Consequently this
reflection can be used to unambiguously identify CZTSe with the c-
axis parallel to the growth direction. In Fig. 3(a) we observe a mixture
of bright and dark image intensities in the absorber layer. The first ob-
servation is that the majority of the film consists of CZTSe with the c-
axis parallel to the growth direction,which corresponds to thebright re-
gions of the image. The dark regions, which correspond to CZTSewith its
c-axis aligned perpendicular to the growth direction or cubic ZnSe/CTSe,
show a columnar morphology with columns extending from the inter-
face to the top of the layer. However, there are also regions where the
transition from bright to dark occurs in the middle of the absorber
layer. The question immediately arises if the dark regions exhibit a dif-
ferent composition and if they are a secondary phase. Therefore the re-
gions were analysed with EDX. In the DF image (Fig. 3(c)) two
measuring positions P1 and P2 are marked, one in a bright, the other
in a dark area of the film. In Fig. 3(d) one can see the overlay of the
two EDX spectra. The spectra were normalized to adapt count number
differences which originate from different sample thicknesses. Both
spectra exhibit almost the same shape, no real differences can be seen
in the peak height and shapes. This indicates similar composition at
both positions and excludes secondary phases like ZnSe and CTSe.
s the stacking order of the solar cell device. (b) External quantum efficiency of the corre-
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Thus, this part of the sample consists of CZTSe and only the orientation
of the c-axis varies. Quantitative analysis of the EDX yields for both
points a composition of 23% Cu, 11% Zn, 17% Sn and 48% Se, which are
compatible with the composition of CZTSe.

It has to be emphasized that the heterointerface is not abrupt and a
large density of defects has been observed. This is certainly a direct con-
sequence of the unoptimized surface preparation and anunsuitable sur-
face termination of the GaAs prior the growth of CZTSe.

Solar cells have been fabricated with the procedure described in the
experimental section and the results are presented in Fig. 4. The cur-
rent–voltage characteristics are shown in Fig. 4(a) together with a
sketch of the device structure and the external quantum efficiency is
shown in Fig. 4(b). The solar cell absorber had a global composition of
Cu / (Zn + Sn) = 0.86 and Zn/Sn ratio of 1.07. Solar cells produced
from absorbers with a higher Sn content did not result in working de-
vices. The best device exhibits an efficiency of 2.1% with a Voc =
223 mV, Jsc = 18.2 mA/cm2 and a fill factor of 51%. The quantum effi-
ciency data depicted in Fig. 4(b) shows a maximum of only 65% and a
very low response in the near IR region. On top of the absorber a large
amount of ZnSe has been identified which is the likely reason for the
low current density. ZnSe has been reported to strongly influence the
current density due to current blocking [13]. Moreover a high Zn/Sn
ratio is known to change the doping density of the absorbers [21]. The
low IR response in the quantum efficiency measurement is probably a
consequence of a very high doping and consequently a very small
space charge region. Compared to the polycrystalline CZTSe record de-
vice, the open-circuit voltage only reaches a bit more than 50% of the
polycrystalline value. It has to be emphasized at this point that no con-
clusion of the grain boundaries in CZTSe can be drawn from this solar
cell result. Due to the unoptimized substrate cleaning extensive con-
taminations at the CZTSe/GaAs interface are present. In the film a
large number of stacking faults, dislocations and (001)/(100) tetragonal
CZTSe boundaries are present. The density of the crystallographic
defects in the epitaxial films has to be reduced before a fair comparison
between the epitaxial and the polycrystalline solar cells can be made.
The result can also be interpreted differently. Even in CZTSe absorbers
that are not single phase andwhere the density of the structural defects
is enormously high the open circuit voltage already reaches more than
half the value of the current polycrystalline record device. This actually
shows that there is an extremely large potential for epitaxial CZTSe as
absorbers in high efficiency thin film solar cells.

4. Summary

In summary, we have shown that CZTSe can be grown epitaxially on
GaAs(001) by high temperature coevaporation in a broad compositional
range. However, the Cu-rich films exhibit a Cu2SnSe3 secondary phase
and the Cu-poor and Zn-rich films a ZnSe secondary phase. CZTSe,
ZnSe and Cu2SnSe3 grow epitaxially on top and next to each other
whichmakes their identification difficult. In the stoichiometric samples
a very rough structure is formed with Zn-rich and Zn-poor regions.
Transmission electron microscopy measurements show that CZTSe
growths predominantly with the c-axis parallel to the growth direction.
Until nowno evidence of secondary phaseswithin the CZTSematrix has
been found by TEM. However, there is a substantial amount of CZTSe
with c-axis perpendicular to the growth direction present. We observe
a high density of structural defects such as stacking faults and a large
amount of contamination at the CZTSe/GaAs heterointerface. This is a
direct consequence of the un-optimized GaAs surface preparation
prior to the growth. Solar cells exhibit a power conversion efficiency
Please cite this article as: A. Redinger, et al., Epitaxial Cu2ZnSnSe4 thin fi
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up to 2.1%. It can be expected that the efficiency can be boosted signifi-
cantly if the dislocation and stacking fault densities are decreased to an
acceptable level.
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