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Cu2ZnSnSe4 solar cells made from absorbers etched in HCl and Br in methanol (Br2-MeOH) are studied. The
absorbers show surface compositions, different from bulk compositions, as revealed by secondary ionmass spec-
trometry (SIMS) depth profiles. They indicate the presence of secondary phases where themost prominent are a
Zn relatedphase and a Cu, Sn relatedphase. The secondary phases can be removed by etching inHCl or Br2-MeOH.
The absorbers are analyzed before and after etching by scanning electronmicroscopy and SIMS, and solar cells by
current–voltage measurements. These results indicate that the Cu, Sn related phase is strongly detrimental to
solar cell devices by reducing drastically open-circuit voltage (VOC) and fill factor (FF) and is etched by Br2-MeOH,
but not by HCl. In fact solar cell results improved from about 4% to above 5%. All solar cell parameters improved
slightly for HCl etching but for Br2-MeOH etching we observe a significant increase of VOC and FF. An efficiency
of 5% was obtained in both cases and 5.8% efficiency is the best device obtained after Br2-MeOH etching.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cu2ZnSn(S,Se)4 (CZTS(e)) absorbers for photovoltaic applications
gain more andmore interest in thin film solar cell research and have al-
ready achieved 10.1% efficiency [1]. Considering their direct band gap
[2], high absorption coefficient and abundance of raw materials, they
present a promising alternative to existing thin film solar cell technolo-
gies. It is well known that the existence region of pure CZTS(e) is much
smaller compared with that of Cu(In,Ga)(S,Se)2 (CIGS(e)) material [3]
and thus the formation of detrimental secondary phases is a challenging
issue for Cu2ZnSn(S,Se)4 based solar cells. Current knowledge places the
more efficient devices in the Cu-poor and in the slightly Zn-rich region
[4]. However, even in this region, secondary phases are very likely and
probably detrimental, thus limiting solar cell efficiencies. The most
prominent secondary phases are the ternary Cu2SnSe3 and the ZnSe
phases. The presence of secondary phases at the interfaces has already
been reported in literature for CZTS [5,6] and CZTSe [7–9] systems. Det-
rimental ZnSe secondaryphase at the back contact has been observed by
S. Ahn et al. [7] and by A. Redinger et al. [8] and recently J.T.Wätjen et al.
[9] and A. Redinger et al. [10] showed direct evidence of detrimental
ZnSe at the interface. In fact, the heterojunction interface is still a limit-
ing factor in CZTSSe solar cells since most devices exhibit dominant in-
terface recombination [11]. In order to improve the heterojunction
interface chemical etching methods can be used to remove detrimental
secondary phases.

In this regard Timmo et al. [12] studied chemical surface treat-
ment on monograin powders using several etchants such as HCl and
Br2-MeOH. Although chemical etching has been less studied for
CZTS(e) absorbers compared with CIGS(e) (see for example [13]) it
is clear that bromine solutions are efficient etchants. Bromine etching
results in a global flattening of the initial surface providing a non-
selective thinning of the absorber [13]. Moreover it was shown that
surface compositions stay constant during the etching process in the
case of CIGSe. In this paper, we studied surface etching with HCl
and Br2-MeOH of CZTSe polycrystalline absorbers with respect to
secondary phases and solar cell parameters.

2. Experimental details

The CZTSe polycrystalline absorbers were produced by a precursor-
annealing process. First all the elements (Cu, Zn, Sn and Se) were
co-evaporated at 320 °C onto a molybdenum coated soda lime glass in
a molecular beam epitaxy system as described elsewhere [14]. Precur-
sors with different compositions were obtained by tuning the fluxes of
the elements. The precursors were then annealed for 30 min in a tube
furnace at 500 °C in an H2/N2 atmosphere with 102 Pa total pressure.
To avoid decomposition of the CZTSe during the final heat treatment,
the films were annealed in an SnSe and Se atmosphere provided in
form of powders in the graphite box (for further details see [15]).
After the annealing some of the absorbers were etched for 1 min either
with concentrated (37 wt.%) HCl or with 0.02 M bromine methanol
(Br2-MeOH). The morphology and the composition before and after
etching were analyzed by scanning electron microscopy (SEM) and by
20 keV energy-dispersive X-ray spectroscopy (EDX). The compositions
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of the precursors were varied from Cu/(Zn+Sn)=0.8 to 1.6 and from
Zn/Sn=0.7 to 1.7. Secondary ionmass spectrometry (SIMS) depth pro-
file measurements were performed on the absorbers with Cs+-ions and
positively charged Cs-metal clusters have been detected. The element
intensities of the SIMS measurements are normalized to the middle of
the absorber in order to highlight changes compared with the bulk.

In order to remove a possible CuxSe secondary phase, all the
annealed samples were etched in 5 wt.% KCN for 30 s as standard pro-
cedure. After depositing the CdS buffer layer by chemical bath deposi-
tion, the window deposition was performed by magnetron sputtering
of i-ZnO and Al-doped ZnO. At last, an Ni-Al grid was deposited by
e-beam evaporation for front contacting. The typical size for the solar
cells is 0.5 cm2 total area. The solar cell parameters were determined
using a current–voltage (I–V) measurement set-up equipped with a
halogen lamp which has been adjusted to 100 mW/cm2. Further solar
cell parameters have been extracted with J.R. Sites et al.'s [16] method.

3. Results and discussion

Fig. 1 shows the sample compositions as determined by EDX plotted
in the phase diagram adapted from I.V. Dudchak and L. Piskach [17] as
precursors and after annealing. In order to be able to represent the com-
positions of the samples in the phase diagram, the Se content was as-
sumed to be stoichiometric. Although a relatively broad region of the
phase diagram around the single phase Cu2ZnSnSe4 existence region
has been prepared via coevaporation, after the annealing the composi-
tions shift significantly and the final film compositions are always situ-
ated on the Cu2SnSe3–Cu2ZnSnSe4 and on the ZnSe–Cu2ZnSnSe4 tie
lines. From that figure it is suggested that for this set of samples we
have either the ternary Cu2SnSe3, or the binary ZnSe as secondary
phases in the absorber.

The best absorber layers gave an efficiency of around 4% when the
composition was Cu-poor and Zn-rich. Although the composition of
the absorbers changed after annealing there was a clear correlation be-
tween solar cell efficiency and precursor composition. The precursor

compositions close to Cu-poor and Zn-rich gave the best results as ab-
sorbers whereas Cu-rich and Sn-rich precursors did not lead to working
devices. Moreover SIMS depth profile measurements performed on the
absorbers indicate a clear trend of two different profiles related to the
efficiency of the solar cells. Two typical examples of those SIMS depth
profiles are depicted in Fig. 2. The solar cells with an efficiency above
4% (Fig. 2(a)) show a depth profile where the Zn ratio at the surface is
higher than in thebulk. The lowefficiency or non-working solar cells ex-
hibit SIMS depth profiles similar to the one shown in Fig. 2(b). These
depth profiles have in common that the Zn content at the interface de-
creases compared with that in the bulk. Moreover the Cu and Sn con-
tents are slightly increased in the first few hundred nanometers of the
absorber compared with the rest of the film. Finally the Cu-content
very close to the heterojunction strongly decreases. Additionally it has
to be pointed out that Cu and Sn profiles in all SIMS measurements
vary together over almost all the absorber depth. The Zn increase at
the back occurring in most of the SIMS profiles is in agreement with a
ZnSe phase at the back contact [8].

This shows that we have different compositions at the surface than
in the bulkwhich could not necessarily be determined via integral com-
position measurements. Moreover the different compositions at the
surface can be related to secondary phases. The Cu and Sn related
phase strongly inhibits solar cell devices. It is safe to assume that the
profiles in Fig. 2(a) indicate a ZnSe phase at the surface, and the profiles
in Fig. 2(b) a ternary Cu2SnSe3 phase. Although the ternary Cu2SnSe3
phase has not been directly measured, this phase presents a lower
band gap of 0.84 eV [18] which will result in a strongly reduced open-
circuit voltage (VOC). This lower VOC was observed in the set of solar
cells in correlation with the Cu, Sn related phases at the surface in the
SIMS profiles. Both secondary phases are detrimental to solar cell de-
vices. The ternary due to its lower band gap leads to increased recombi-
nation, while the ZnSe phase limits the current, as shown recently [9].
However HCl solutions have successfully been employed by H. Tamura
et al. [19] to etch ZnSe crystals. Bromine solutions are known to be effi-
cient etchants andwere used to reduce the thickness of CIGSe absorbers
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[13]. Thus Br2-MeOH is used as a non-selective etchant which will re-
move the ternary if present.

HCl etching was performed on samples that showed a Zn-rich and
Cu-poor composition (Zn/Sn=1.11, Cu/(Zn+Sn)=0.93 and Cu/Sn=
1.97) and a SIMS depth profile like that shown in Fig. 2(a). SEM cross-
sections of two absorbers (Fig. 3) before and after HCl etching suggest
that HCl is removing a secondary phase. Fig. 3(a) shows a possible
phase segregation on top of the absorber (smaller grains on top of the
surface in the SEM micrograph (a)) while in Fig. 3(b) this phase segre-
gation seems to be removed or at least minimized. In addition to the
SIMS profiles discussed above Fig. 4 depicts a comparison between ab-
sorbers before and after etching for both etchants, HCl and Br2-MeOH.
In Fig. 4(a) and (b) the same absorber was analyzed before and after
HCl etching. The Zn profile changes after etching. At the surface the Zn
ratio decreases compared with the bulk and the profile of the unetched
absorber (Fig. 4(a)). These measurements agree with the results given
in [19] which showed that acidic solutions remove a Zn related second-
ary phase.

Fig. 4(c) and 4(d) show SIMSprofiles of an absorber before and after
etching with Br2-MeOH. The profiles are getting flatter at the surface
after the Br2-MeOH etching. There is no more a decrease of the Zn
ratio or an increase of the Cu and Sn ratios towards the surface. These
observations are valid for all absorbers treated with Br2-MeOH and
strongly corroborate themodel of a Cu, Sn related phase at the near sur-
face region which could be at least partially removed by Br2-MeOH.

In the following, we discuss the solar cells resulting from etched and
unetched absorbers. The current density–voltage (J–V) curves given for
one absorber are typical for a set of 6 solar cells. As already mentioned
before, the samples of Fig. 1 without any surface treatment besides the
KCN etching, with compositions of slightly Cu-poor and Zn-rich gave
solar cell efficiencies above 4% on a regular basis. The effect of KCN etch-
ing is not studied in thiswork, but see for example [20,21] to get insights
of KCN etching on CZTS absorbers. The solar cells made from absorbers
that were etched improved significantly. 5% efficiency (η) was achieved
with both etchants, whereas 5.8% could be achieved with Br2-MeOH.
The (J–V) curves for solar cells whose absorbers were treated with the
two different etchants are shown in Fig. 5. While the absorber etched

with HCl improved slightly in all solar cell parameters, the J–V curve
under illumination of the Br2-MeOH etched absorber shows significant
improvements of the fill factor (FF) and VOC in agreement with the
strong decrease in the saturation current (J0) and the decrease in the
diode factor. The parasitic resistances are not affected by the etching
in both cases.

In addition it has to be pointed out that the solar cell parameters for
absorbers etchedwith Br2-MeOH seem to depend on the composition of
the precursors (see Tables 1 and 2). In fact samples III and IV gave the
best solar cell devices. They significantly improved (from 0.5% to 5.8%
and from 3.3% to 5.4%) and this can be understood while looking at
the compositions of the precursors. They were Cu-rich regarding the
Cu/Sn ratio (Cu/Sn>2) in contrast to sample V. Because of the high Cu
content they could potentially form more ternary on top during the
annealing in an SnSe atmosphere. Therefore the VOC of unetched devices
is very low. Br2-MeOH could remove the ternary and thereby remove
one of the detrimental secondary phaseswhich inhibits solar cell device
efficiency.

4. Conclusions

From the observations described above it is clear that HCl and
Br2-MeOH improve solar cell devices by removing secondary phases.
The phase diagram, EDXmeasurements and SEM cross-sections imply
Cu2SnSe3 and ZnSe as most likely prominent detrimental secondary
phases. From SIMSmeasurements it appears that the detrimental sec-
ondary phases are located at the surface and that etching either with
HCl or Br2-MeOH could at least partially remove them improving the
surface. Solar cell J–V curves showed that the device parameters
could be improved, especially VOC by Br2-MeOH treatment. This is
possibly due to the ternary Cu2SnSe3 formation on top even for stan-
dard compositions (Cu/(Zn+Sn)b1) which strongly inhibit working
devices. Efficiencies above 5% have been achieved with both HCl
and Br2-MeOH etchants although Br2-MeOH is more suitable to re-
move the Cu, Sn related phase. 5.8% efficiency has been achieved
with Br2-MeOH etched absorbers.
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Fig. 2. Two SIMS depth profiles of unetched absorbers for (a) absorber that gave a solar cell efficiency higher than 4% and (b) absorber that gave no working solar cell.
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Fig. 3. SEM cross-sections of sample I (a) without etching and (b) after 1 min HCl etching.
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Fig. 4. Different SIMS depth profiles for two different absorbers I and II: (a) absorber I without etching, (b) absorber I after HCl etching, (c) absorber II without etching, and (d) absorber II after
Br2-MeOH etching.
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Table 1
20 keV EDX values for precursors of absorbers which were etched afterwards with
Br2-MeOH.

Samples Zn/Sn Cu/(Zn+Sn) Cu/Sn

III 1.24 1.05 2.35
IV 1.33 0.91 2.13
V 1.16 0.84 1.82

Table 2
Solar cell parameters for absorbers with different precursor compositions before and
after Br2-MeOH etching.

Samples Etchants VOC [mV] η [%] JSC [mA/cm2] FF [%]

III Without 137 0.5 13.5 28
III Br2-MeOH 338 5.8 35.4 49
IV Without 261 3.3 28.3 45
IV Br2-MeOH 324 5.4 32.7 51
V Without 345 4.3 23.5 53
V Br2-MeOH 324 4.8 28.2 53
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