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Cu2ZnSn(S,Se)4 absorber layers for thin film solar cells contain up tofive separate elementsmaking it challenging
to synthesize due to the necessity of achieving chemical uniformity on a nanometer scale. In a two-step synthesis
procedure a metallic Cu-Sn-Zn precursor can be converted uniformly to the semiconductor by the reaction with
gaseous chalcogens. Here, it is demonstrated that only a simplified precursor containing Cu and Zn is required to
form the Cu2ZnSnS4-semiconductor when the annealing step is carried out in the presence of gaseous tin sulfide
and sulfur. It is shown that the formation of Cu2ZnSnS4 progresses in a self-limitingmanner, independently of the
amount of sulfur and tin-sulfide provided. Using ex-situ investigations, the reaction pathway is resolved and a
model of the reaction process is established. The model furthermore explains the formation of the undesired
ZnS phase at the back interface of the absorber, limiting the device performance. The influence of various
annealing conditions on the formation of ZnS and hence the device performance with efficiencies of up to 2.3
% is shown. Lowering of the background forming gas pressure to 100 Pa was revealed to be beneficial as it
influences the distribution of ZnS at the back interface.

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

Over the past ten years, the interest in researching thin film solar
cells using Cu2ZnSn(S,Se)4 (CZTSSe) as the absorbing layer has grown
exponentially. At the same time, promising power conversion efficiency
values of above 9 % have been reached by several groups [1–4], with the
current record efficiency above 12 % reached by IBM [1]. With one
exception, the best results to-date are obtained where the absorber
layer is produced using a two-step approach, in which (i) the desired
elements are deposited onto a substrate, and (ii) this precursor is sub-
sequently annealed or heat treated in order to form the desired CZTSSe
absorber layer [1,2,4]. This is also true for the selenium-free Cu2ZnSnS4
(CZTS)-based devices which have shown efficiencies up to 8 % using the
low cost electro-deposition and annealing approach [5].

Electrodeposition (ED) is of high interest for commercial appli-
cations since it is a cheap, well-established, controllable, and well-
understood technique. The low cost attribute of this technique is gener-
ally founded in the low equipment cost, the longevity of the electrolytic
baths, and the high materials utilization.
itute of Energy Conversion, 451
1 3778; fax: +1 302 831 6226.
The commonly used annealing conditions to fabricate CZTS and
CZTSSe absorber layers do not vary significantly. Samples are typically
reacted at temperatures between 450 and 560°C in an inert atmosphere
(usingN2 or Ar) at various different pressures and in thepresence of sul-
fur/selenium vapor. For a particular choice of annealing conditions, this
way of reacting precursors to form CZTSSe thin films has proven to lead
to composition changes, foremost, the loss of tin.Weber et al. described
this tin loss with the evaporation of SnS from the film surface, leaving
behind detrimental secondary phases Cu2S and ZnS [6]. Even though
Weber showed this effect only for the sulfide CZTS case, it is similarly
valid for the pure selenide, Cu2ZnSnSe4, as well as the mixed CZTSSe
case. In order to minimize the loss of tin, various different reaction con-
ditions (e.g. fast reaction, high S/Se overpressure, use of highly reactive
H2S/Se, etc. [1,4]) are generally used, none of which completely avoid
the loss of tin. In our previous work, we presented an annealing route
which helps to keep the equilibrium point of the formation/decomposi-
tion reaction of CZTSSe closely to the CZTSSe side of the reaction [7,8].
Thiswas achieved by reactingfilms in the presence of gaseous sulfur/se-
lenium and gaseous tin-sulfide/-selenide. In subsequent studies of
Scragg et al., the required conditions to completely avoid the loss of
tin using this annealing approach have been investigated [9,10]. Fur-
thermore, it was preliminarily shown to be useful to incorporate tin
and sulfur into an only copper and zinc containing precursor to form
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CZTS/Se by a reaction in the presence of sulfur/selenium and tin-
sulfide/-selenide [8].

In this contribution, the detailed formationmechanism of CZTS from
only a copper and zinc containing precursor in the presence of gas phase
tin sulfide and sulfur is elucidated. The self-limiting nature of the tin
incorporation is revealed, the CZTS formation reaction is analyzed in
detail, solar cells device results are presented, and limitations of this
process are discussed.

2. Experimental details

2.1. Sample preparation

The precursors used in this study consisted of the followingmetallic
layers: Mo/Cu/Zn, using a Cu-poor/Zn-rich composition ratio. The Mo-
coated soda-lime glass (SLG) was supplied by the group of Dr.
Guillaume Zoppi of the University of Northumbria [11]. ED was carried
out potentiostatically using a rotating disc electrode in a three-
electrode mode. The Cu-layer was deposited from a basic electrolyte
using a Calomel reference electrode and a platinum counter electrode
while the Zn-layer was deposited from an acidic solution using an Ag/
AgCl-reference electrode. Details of the EDmethod and the bath compo-
sitions have been published previously [12]. The deposition area was
typically around 1.8 × 1.8 cm2.

The annealing of the precursor was carried out in a tube furnace in a
10 %H2 in N2 atmosphere (50 kPa) at temperatures around 550°C. Sam-
pleswere annealed for up to two hours and subsequently removed from
the hot zone in order to allow a fast cool-down. The precursors were
placed inside a graphite box together with elemental sulfur and tin-
sulfide. Table 1 lists the fabrication sequence as well as the detailed an-
nealing conditions of the different experiments performed for thiswork.

Full solar cell deviceswere formed by adding chemical bath deposit-
ed CdS, followed by sputtered i-ZnO and Al:ZnO layers, and Ni/Al front
contacts.

2.2. Material and device characterization

The material analyses of the annealed precursor film were per-
formed with variety of analytical tools. The crystal structure and the
phase analysis were performed on a ‘Bruker D8’ x-ray diffractometer
(XRD) using a CuKα1+2 x-ray source. Measurements were done in graz-
ing incidence mode with an incident angle of 0.75° unless stated other-
wise. Supporting phase analysis was gained using Raman spectroscopy
techniques. Raman scattering measurements were performed in back-
scattering configuration over an area of 30 x 30 μm2 using a ‘LabRam
HR800-UV’ Raman microprobe from Horiba-Jobin Yvon. The samples
were investigated from the front and the back side, before and after
mechanically removing the thin films from the substrate. For the
Table 1
Studies of the investigated Mo/Cu/Zn samples.

Sample Study Fabrication process

A 3.1.1 Proof of principle - annealing of this precursor under stan
B 3.1.2 Self-limiting tin incorporation - annealing of (i) ¼ of the sample (B1)

(ii)¼ of the sample (B2) in 100 mg S
(iii) ¼ of the sample (B3) in 100 mg S
(iv) ¼ of the sample (B4) in 100 mg S

- B5: standard annealing with 100 mg S,
- B6: standard annealing with 100 mg S,

C 3.2 Model of CZTS formation - annealing of samples C2–C7 at 100, 20
100 mg S and 20 mg SnS powder at 50
- annealing of samples C8–C15 at 550 °C
- Device fabrication for samples C7–C15

D 3.2.5 Validation of phase distribution - annealing of samples D1 to D5 at 550
- Device fabrication for samples D1 to D
measurements, two excitation wavelengths of 532 nm (power on sam-
ple= 0.02mW, ×50 objective with a spot size about 2 μm) and 325 nm
(power on sample = 0.4 mW, ×40 objective with a spot size about
1 μm) were used. At these excitation conditions, no thermal effects
were observed in the Raman spectra. Compositional information were
acquired using an energy-dispersive x-ray spectroscopy setup (EDX:
Oxford Instruments ‘INCA X-MAX’, using 20 kV acceleration voltage)
and were combined to the film morphology using a scanning electron
microscopy (SEM: ‘Hitachi SU-70’, using 20 kV acceleration voltage).
Depth dependent elemental composition data was collected using
Auger-electron spectroscopy (AES) depth profiling techniques. The
Auger analyses for this work were carried out on a ‘Thermo Electron
Microlab350’ apparatus using a spherical sector analyzer. All spectra
were recorded in direct mode andwith a 10 keV and 1 nA primary elec-
tron beam. For depth profiles, the samples were sputtered with an Ar+-
ion gun (E = 3 kV, I = 1.5 μA, on a 1 mm2 area) with an angle of circa
45°. The compositions were obtained using relative sensitivity factors
for each element under investigation that were experimentally deter-
mined on bulk reference samples analyzed under the same conditions.

Current-voltagemeasurements of the full solar cell deviceswere car-
ried out on a homebuilt setup using a halogen lamp (100mW/cm2) and
a four point probe configuration. The power of illumination was cali-
brated using a silicon calibration cell (WPVS-Cell, RS-ID-3, Serial No.
006-2007, from ISE/S. Brachmann).

3. Results and discussion

3.1. Tin incorporation from the gas phase

In our previous work, we have shown the importance of providing
gaseous sulfur and tin sulfide in the sample’s environment during the
annealing reaction in order to keep the equilibrium point of reaction 1
on the CZTS side [8]. Aside from the increased device performance,
this strategy also created the possibility of forming a CZTS absorber
layer from a very simple precursor, only containing Cu and Zn, while S
and Sn is incorporated during the reaction step (Reaction 2). This result
was only briefly presented in our previous publication and is discussed
in greater detail here.

Cu2ZnSnS4ðsÞ⇔ZnSðsÞ þ Cu2SðsÞ þ SnSðgÞ þ 1=2S2ðgÞ Reaction1

2ZnðsÞ þ 4CuðsÞ þ 2SnSðgÞ þ 3S2ðgÞ➩2Cu2ZnSnS4ðsÞ Reaction2

3.1.1. Proof of principle
In order to show that CZTS can be formed by reacting a Cu and Zn

containing precursor in a S(g) and SnS(g) containing environment
dard conditions: 2 hrs at 550 °C, 50 kPa N2/H2 (90/10), with 100 mg S, 12 mg SnS
in 100 mg S and 0 mg SnS
and 0.04 mg SnS
and 0.08 mg SnS
and 0.20 mg SnS
11 mg SnS
20 mg SnS
0, 300, 400, 500 & 550 °C for 0 min with
kPa N2/H2

for 1-120 min with 100 mg S and 20 mg SnS at 50 kPa N2/H2

°C for 5, 15, 30, 60 & 120 min with 100 mg S and 20 mg SnS powder at 100 Pa N2/H2
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Fig. 1. (Color online) XRD patterns obtained from the (a) precursor and (b) the reacted film after annealing. The vertical lines correspond to the JCPDS reference lines for the
following phases: (a) Red, solid line: Cu5Zn8 (JCPDS: 04-007-1117), blue, dashed line: Cu (JCPDS: 04-010-2746), dark yellow, dash-dotted line: Zn (JCPDS: 00-0041-0831), Mo (JCPDS:
04-001-0059); (b) black, solid line: CZTS (JCPDS: 01-075-4122). (c) Normalized data of the AES depth profile of the thin film after reaction.
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(Reaction 2), aMo/Cu/Zn precursor stack (sample A)was prepared elec-
trochemically. Subsequently, this samplewas reacted in a sulfur and tin-
sulfide containing atmosphere using the conditions listed in Table 1.

In Fig. 1, XRD patterns of (a) the precursor film, and (b) the thin film
after reaction are depicted. From (a), it is obvious that Cu5Zn8 (43.20°,
and 50.30°; red lines) alloy is present in the precursor. Other than this,
and other than the contribution of the Mo back contact, unique reflec-
tions due to a pure zinc phase (36.47° and 38.99°; dark yellow lines) in-
dicate that not all the zinc has alloyed with the Cu. Peaks arising from a
pure Cu phase (43.35° and 50.49°; blue lines), however, are not unique
but coincide with those of Cu5Zn8. Therefore, the existence of a pure Cu
phase cannot be assigned doubtlessly.

The XRD pattern of the reacted film, depicted in Fig. 1(b), shows
strong reflections at 28.2°, 33.0°, 47.5°, and 56.2° (amongst others)
which can be assigned to any of the following phases: ZnS, Cu2SnS3,
and CZTS. The presence of the small reflection at 29.7°,which is a unique
reflection for the CZTS phase, indicates that Cu2ZnSnS4 has been formed
using this simplified precursor in combination with the ‘S(g) and
SnS(g)’ annealing. This result is supported by composition analysis
which give compositional ratios of Cu/(Zn + Sn) = 0.83 and Zn/Sn =
1.07 as an average over the whole film depth. These values are very
close to the optimum values for high-performance CZTS solar cell ab-
sorbers, as discussed in [13]. Due to their Zn-rich composition, these
films are not suspected to be single phase but rather to contain a ZnS
secondary phase.

To study the possible presence of ZnS in more detail, an AES depth
profile was measured and the normalized intensities are depicted in
Fig. 1(c). The signals from Cu, Zn, Sn, and S appear to stay constant
throughout the bulk of the film until around 500 s into sputtering
time, suggesting the presence of a majority CZTS as the bulk material.
After that, the Cu and Sn signals decrease in parallel, while the zinc sig-
nal decreases around 100 s later. This suggests the presence of a major-
ity ZnS secondary phase at the back interface.

3.1.2. Self-limiting tin incorporation
In the experiment presented previously, 12 mg of SnS powder was

provided in the graphite box together with the sample. This amount of
tin is far greater than what is required for a stoichiometric amount of
tin inside the thin film, which for this sample is around 0.08 mg of
SnS. As no indications for excess tin were found in the film, the hypoth-
esis is investigated whether tin incorporates into a tin deficient sample
in a self-limiting manner, consistent with the equilibrium reaction 1.
This issue is investigated by cutting a metal stack precursor B into
quarters forming samples B1-B4 and annealing each quarter under
standard conditions together with (i) 0 times, (ii) 0.5 times, (iii) 1
time, and (iv) 2.5 times the stoichiometric amount of Sn (in the form
of SnS powder) to form Cu2ZnSnS4. Furthermore, additional precursors
(samples B5 and B6) were annealed together with 11 mg and 20 mg of
SnS powder, 140 and 250 times the stoichiometric amount of Sn to form
CZTS, respectively.

Fig. 2 depicts three sections of the measured XRD patterns obtained
from the four samples B1 to B4 after reaction. The XRD of sample B1
((i) black line) only shows reflections due to ZnS and Cu1.765S phases.
In the XRD of the sample annealed with 0.5 times the stoichiometric
amount of Sn (red line), the peak at 28.6° seem to have shifted slightly
towards 28.5°, indicating a possible overlap of CZTS and ZnS phase. In
addition, the peak at 46.3° (related to Cu1.765S) decreases in intensity
while a CZTS peak at 76.4° starts to increase. The XRD for the samples
annealed with 1 and 2.5 time(s) the stoichiometric amount of Sn
shows the disappearance of the distinct Cu1.765S peak at 46.3° while
the peaks at 28.5° and 76.4° have clearly moved from the ZnS to the
CZTS position. This latter result does not completely exclude the pres-
ence of a minority ZnS or Cu2SnS3 phase, especially since Cu2ZnSnS4
and Cu2SnS3 have the same Cu/Sn ratio. As no additional peaks due to
another Sn-rich phase (e.g. Cu2Sn3S7, SnS, Sn2S3, or SnS2, etc.) are ob-
served in the XRD patterns (there were no additional peaks observed
in the full XRD scans, which are not shown here), one can conclude
that tin has incorporated itself just as much as it needed in order to
form stoichiometric CZTS or Cu2SnS3, respectively. Further, it can be hy-
pothesized that the incorporation of Sn is limited by the Cu content in
the film, as firstly the Cu and Sn signals from an AES measurement of
a sample reacted in this manner appear to be correlated (see
Fig. 1(c)), secondly as no preferred condensation of SnxSywas observed,
and lastly since there does not appear to be a Sn-rich CZTS phase (see
reference [14] for a discussion on a potential Sn-rich CZTS phase).

These qualitative conclusions can be supported bymore quantitative
EDX investigations. Fig. 3 depicts the obtained compositions in terms of
the Sn/(Zn + Cu) ratio versus the amount of Sn used in the annealing
process. To provide harder evidence for the self-limiting tin incorpora-
tion, the data of two additional samples (B5 and B6) were added. Sam-
ple B5was annealed together with around 140 times the stoichiometric
amount of Sn, while sample B6 was reacted with around 250 times the
stoichiometric amount. Fig. 3 shows no additional incorporation of Sn
into the sample for annealing reactions that comprised more than the

image of Fig.�1


Fig. 2. (Color online) XRD patterns obtained from samples reacted with (i) 0 times (black data), (ii) 0.5 times (red data), (iii) 1 time (green data), and (iv) 2.5 times (violet data) the
stoichiometric amount of Sn necessary to form CZTS. The vertical lines in black correspond to CZTS (JCPDS: 01-075-4122), those in blue to ZnS (JCPDS: 04-001-6857), and those in
dark yellow to Cu1.765S (JCPDS: 00-023-0960).
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stoichiometric amount of tin. This result supports that of the XRD inves-
tigation and concludes a self-limiting incorporation of Sn into the film
under the used annealing conditions.

3.2. Model of Cu2ZnSnS4 formation from the annealing of a Mo/Cu/Zn stack

This section focusses on analyzing the reaction pathway of the CZTS
formation from the reaction of the simplified precursor stack in a sulfur
and tin sulfide containing environment. For this, ex-situ XRD, EDX, and
AES depth profile investigations were performed on samples (C1–
C15) that were annealed under standard conditions together with
100 mg of elemental sulfur and 20mg of SnS powder for various differ-
ent temperatures and times, as listed in Table 1. Care was taken that the
samples were cooled down as quickly as possible by removing them
from the hot zone and it was made sure that the precursors for this
study had the same composition. From the results, a CZTS formation
model is proposed. In addition, initial device performance results are
presented and limitations are discussed.

3.2.1. Composition
Table 2 and Fig. 4 depicts the average compositions (averaged over

three areas of the film) of samples C1–C15 after annealing at various
different temperatures and times. The dark yellow symbols in Fig. 4 rep-
resent the values of the respective S/(Cu+ Zn+ Sn) ratios. Qualitative-
ly, it is seen that the incorporation of sulfur begins at temperatures
above 200°C. The major sulfur incorporation occurs at temperatures
around 500°C. 30 min into the annealing step, a steady state seems to
be reached just above its expected value (dark yellow (dotted) horizon-
tal line), indicating that no further major inclusion of sulfur into the
sample is happening after this point.
Fig. 3. Sn/(Cu + Zn) ratio of samples B1 to B6 annealed under standard conditions with
(i) 0 times, (ii) 0.5 times, (iii) 1 time, (iv) 2.5 times, as well as 140 and 250 times the
amount of Sn for a stoichiometric Cu2ZnSnS4 phase.
The blue data points in Fig. 4 represent the relative amount of tin in-
side the layer. It is qualitatively observed that tin starts to incorporate
via the gas phase above 500°C. Similar to the sulfur line, after 30 min
of annealing time, a steady state is reached right at the expected value
of Sn/(Cu + Zn) = 0.33. In correlation with the sulfur composition
results, it can be assumed that after 30 min of annealing at 550°C,
there are no major changes in the film composition and the through
film elemental distribution.

The red data points show the behavior of the Cu/(Zn + Sn) ratio
throughout the annealing. Due to the initial lack of tin inside the film,
the values start off very high and equilibrate once the tin inclusion
finds a steady state. After 30min of reaction time at 550°C, such a steady
state is reached at a value of around 0.8, being slightly lower than the
expected value of 1.0 but yet in the range of what is reported in litera-
ture for high efficient devices [13].

The Zn/Sn ratio (shown in green) qualitatively behaves very similar
to the Cu/(Zn + Sn) ratio, starting off at very high values for a low Sn
content and equilibrating at around 30 min of annealing time. A steady
state is reached for Zn/Sn= 1.1 to 1.2, which is consistent with the pre-
viously obtained results and with the optimal device parameters as
discussed in literature [13]. The results suggest that the incorporation
of tin is correlated with the amount of copper in the film, resulting in
a Cu-poor (Cu/(Zn+ Sn) b1) film to be zinc-rich (Zn/Sn N 1) by default,
using this annealing method.

All of the results above correlate well and they suggest that the
annealing time for this kind of simplified precursor should at least be
30 min (under the given annealing conditions) in order to incorporate
tin stoichiometrically into the film.
3.2.2. Phase analysis of the formation reaction
Fig. 5(a) shows the measured XRD patterns of samples C1–C15 and

Fig. 5(b) summarizes the important results of the phase evolution in
an annealing temperature and time series. The colored regions indicate
the presence of a certain phase in the sample. It shall be noted that the
given colored regions start and end in between temperature and time
steps, which indicates that these phases start to appear or disappear at
some point between the respective steps.

The presented data show that below 300°C only phases correlating
to a Cu-Zn alloy are present. This appears to contradict the finding of
the temperature when sulfur incorporates as previously discussed, yet
the amount of sulfur incorporated at 200°C is so small that the quantity
of a corresponding phase is not detectable with XRD. At 300°C Zn-rich
phases of the Cu-Zn alloys are disappearing, while copper rich phases
of the Cu-Zn alloy appear. This initiates the formation of ZnS. At temper-
atures between 400 and 500°C, the Cu2-xS formation begins with the
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Table 2
Average composition ratio of samples C1–C15.

Sample C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15

Temp. (°C) 25 100 200 300 400 500 550 550 550 550 550 550 550 550 550
Time (min) 0 0 0 0 0 0 0 1 2 5 10 15 30 60 120
Cu/(Zn + Sn) n/a n/a n/a n/a 2.5 1.63 1.19 1.00 1.05 0.87 0.75 0.85 0.80 0.80 0.85
Zn/Sn n/a n/a n/a n/a n/a 140.9 6.6 5.3 2.8 2.4 1.8 1.38 1.22 1.24 1.09
Sn/(Cu + Zn) 0 0 0 0 0 0 0.06 0.09 0.15 0.19 0.25 0.29 0.33 0.33 0.35
S/(Cu + Zn + Sn) 0 0 0.01 0.07 0.16 0.79 0.92 0.93 0.97 0.97 1.08 1.03 1.09 1.08 1.10
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formation of Cu9S5 and Cu1.96S phases. The order of formation of the sul-
fidephases – ZnSbefore Cu2-xS– iswell in accordancewith free energies
of formation for the different sulfide phases, as published in [10]. At
500°C, there is no sign of a Cu-Zn alloy phase left, while the signal of
ZnS clearly stands out. Still present at this stage are diffraction peaks
from Cu9S5 and Cu1.96S phases which are in good agreement with the
steep increase in sulfur content between 400 and 500°C, as seen in
Fig. 4. The first appearance of a unique CZTS peak is observed at 550°C
and 0min of annealing time. As themain peaks of ZnS and CZTS overlap,
one cannot draw any conclusion on the presence of ZnS with confi-
dence. The presence of ZnS, however, is fairly likely at this point, as
the composition reveals that not much tin is incorporated at this point
yet. Furthermore, the presence of Cu-S phases gives an indirect indica-
tion that the formation of CZTS has not yet used up all ZnS and Cu-S
phases. This assumption also holds for the samples that were annealed
between 1 min and 15 min at 550°C, as Cu-S phases are still present.
After 30min of annealing time, there are nopeaks left that can be attrib-
uted to a Cu-S phase. In addition, compositional analysis reveals a steady
state for the compositional ratios, indicating that the incorporation of
sulfur and tin sulfide is completed. The possible conclusion that there
is also no additional ZnS phase left after 30 min of reaction cannot be
drawn, as Fig. 1(c) gives strong indications for the presence of a Zn-
rich phase even after 120min of annealing. At this point,minor amounts
of ZnS – as well as of minor amounts of Cu-S – might fall under the de-
tection limit of the XRD. Between 30 and 120 min of reaction, the XRD
patterns don’t show any significant changes. This is in good agreement
with the average compositional analysis of the samples. Altogether,
the XRD results support the conclusions that a Mo/Cu/Zn precursor
has to be annealed at least for 30 min (at 50 kPa forming gas), in
order to stoichiometrically form CZTS.

Additional information can be gained by examining the changes
in chemical composition as function of depth through the samples.
AES depth profiles were obtained on selected samples of this C series.
Fig. 6 depicts the normalized depth profiles with respect to the
sputtering time. Profile (a) shows that at 200°C, sulfur is introduced
to the surface of the sample. This supports the findings discussed
Fig. 4. (Color online)Average composition ratio of samples C1–C15. The dash-dotted horizontal
previously. It also depicts the problem of detecting small amounts of
minority phases (e.g. ZnS) with XRD. It is shown that at the surface of
the sample the incorporated sulfur correlates more with the Zn than
with the Cu signal, indicating that ZnS is formed at the surface of the
layer. This is in accordance with the free energy of formation of ZnS
which is more negative than that of Cu2-xS [10]. This explanation is
supported by the content of profile (b) (400°C), where more sulfur
is incorporated and only signals from Zn and S are detected at the
surface while Cu is at the back of the film. All these results are in
accordance with the results from EDX and XRD measurements. At
500°C (profile (c)), where the XRD pattern showed the first sign of
a Cu2-xS phase, the sulfur content is distributed over the whole depth
of the layer. At 550°C and 0 min annealing (profile (d)), AES detects
the first traces of Sn inside the film, as previously observed in the EDX
and XRD results. At this temperature and time, the ZnS phase is situated
at the back of the film, while Cu2-xS seems to be distributed throughout
the whole depth of the film. This order changes for an increasingly
incorporated amount of Sn after 5 or 10 min of annealing (profiles (e),
(f)). Those depth profiles depict that at the surface of the layer, the Sn
signal begins to follow that of Cu, indicating the formation of either
Cu2SnS3 or CZTS. As no sign of the ternary Cu2SnS3 phase has been
found in this entire study, it is assumed that only CZTS is formed.
It shall be noted, however, that this conclusion of the absence of
Cu2SnS3 is a pure working assumption, based on several observations
such as the absence of any unique Cu2SnS3-related Raman mode or
XRD reflection, and could neither be proven nor could it be dis-proven
sufficiently at this point.

After 10 min of annealing time at 550°C (profile (f)), the Sn signal
generally follows that of Cu while a big bump in the Zn signal is ob-
served at the back of the layer. The lack of Sn at the back interface, yet
with a finite Cu signal, indicates the probable presence of a Cu2-xS
phase together with a ZnS phase at the back interface. 30 min into the
annealing at 550°C (profile (g)), the signals of Cu, Zn, Sn, and S are dis-
tributed more or less evenly throughout the top two-thirds of the film.
This leads to the conclusion thatmainly CZTS is present in the described
part of the film. At the back of the film, the increase of the Zn signal
lines represent the expectation values of the respective ratios for stoichiometric Cu2ZnSnS4.
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Fig. 5. (Color online) (a) XRDpatterns obtained from samples C1–C15 (bottom to top). The short vertical lines indicate thepeakpositions of phases present in the respective sample,where
grey stands for CZTS (JCPDS: 01-075-4122), blue for ZnS (JCPDS: 04-001-6857), brown for CuS (JCPDS: 00-006-0464), orange for Cu9S5 (JCPDS: 00-047-1748, 00-023-0962), dark yellow
for Cu1.96S (JCPDS: 04-007-1751), violet for CuZn (JCPDS: 00-002-1231), red for Cu7Zn3 (JCPDS: 04-006-262), pink for Cu5Zn8 (JCPDS: 00-025-1228) and green for CuZn5 (JCPDS: 00-035-
1152). The peaks marked with “*” indicate a Mo phase (JCPDS: 04-001-0059). The color-coded areas represent the areas of interest of unique peaks of a respective phase. (b) Presence of
the respective individual phaseswith respect to the annealing temperature and time as obtained from the XRD patterns. The color codematches that of (a). The given bars start and end in
between temperature and time steps which indicate that these phases start to appear or disappear at some point between the respective steps.
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indicates the presence of a ZnS phase. The very ‘late’ decrease of the
sulfur signal indicates the presence of a MoS2 phase at the back contact.
The results from profile (g) remain almost unchanged in profile
(h) (120 min), which agrees well with the observed steady state
after 30 min of annealing time as previously discussed.

In conclusion, under the given reaction conditions, a Mo/Cu/Zn pre-
cursor must be annealed for at least 30 min before the CZTS formation
reaches a steady state. By doing so, secondary Cu2-xS phases can be
avoided and a fixed distribution of the CZTS and ZnS (and potentially
Cu2SnS3) phases can reached.

3.2.3. Reaction pathway and CZTS formation model
From the previously discussed experimental data, a reaction path-

way for the formation of CZTS from a copper and zinc containing
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Fig. 6. (Color online)Normalized AES depth profiles of a selection of samples C. The signal of each elementwas normalized to itsmaximumvalue. The various different sputtering times are
related to different sputter rates, arising from both composition changes and density variations.
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precursor during the annealing in a sulfur and tin sulfide environment is
deduced. For temperatures below 200°C, the main occurring process is
an alloy formation of the deposited Cu and Zn layers. This reaction can
generally be formulated in the following way:

CuðsÞ þ ZnðsÞ➩CuxZnyðsÞ Reaction3
During the ramp up from 200°C to 400°C, sulfur is incorporated,
leading to the formation of ZnS, while the Cu-Zn alloy changes from
Zn rich to Cu rich:

CuxZnyðsÞ þ 1=2S2ðgÞ➩CuxZny�1ðsÞ þ ZnSðsÞ Reaction4
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At temperatures between 400°C and 500°C, the Cu-Zn alloys
completely decay under the continuing incorporation of sulfur from
the gas phase via the formation of ZnS and copper sulfides:

2CuxZnyðsÞ þ 3=2S2ðgÞ➩Cu2�xSðsÞ þ 2ZnSðsÞ Reaction5

Above 500°C, tin sulfide begins to be incorporated, while CZTS starts
to form, using up ZnS and Cu2-xS from the films and sulfur as well as tin
sulfide from the gas phase:

2ZnSðsÞ þ Cu2�xSðsÞ þ SnSðgÞ þ 1=2S2ðgÞ➩Cu2ZnSnS4ðsÞ
þ ZnSðsÞ Reaction6

This process continues until 30 min of annealing at 550°C, at which
no evidence for the presence of a Cu2-xS phase can be found any more
and after which point the reaction will find its equilibrium:

2ZnSðsÞ þ Cu2�xSðsÞ þ SnSðgÞ þ 1=2S2ðgÞ➩Cu2ZnSnS4ðsÞ
þ ZnSðsÞ Reaction7

The above reactionmechanism is based only on the observed exper-
imental results. With respect to reactions 6 and 7, previously Scragg
et al. [9] have proposed that gaseous SnS(g) condensates on the reaction
surface to form solid SnS(s) which then subsequently reacts with the
other phases to form CZTS. Within the resolution of the measurements
made here, no SnS(s) phasewas detected, and hence itwas not included
in the reaction scheme. However, this does not preclude its existence
and further more detailed studies are required for the exact reaction
mechanism to be obtained. It is speculated that if a solid condensed
SnS(s) phase exists, its lifetime will depend on the proximity of the Cu
and Zn phases and it furthermore might play a role in the observed
self-limiting Sn-incorporation effect.
Fig. 7. Schematic representation of the formation of CZTS grains by annealing a Zn/Cu/Mometal
of Zn, the black ones that of Cu.
In summary, the given reactions of this precursor type for the given
annealing conditions show a direct reaction occurring from the binary
sulfides to the CZTS phase. A similar reaction path involving only binary
compounds as intermediate phases has been reported in [15] from
sulfurisation of Cu-Zn-Sn multilayer stack precursors deposited by
sputtering. In this previouswork, composition of precursorswas also se-
lected to have a Cu poor Zn rich composition of the CZTS layers similar
to that achieved in our work.

A schematic model of the formation of CZTS from the annealing of
a Mo/Cu/Zn metallic precursor in a sulfur and tin sulfide containing
environment is proposed in Fig. 7, as deduced from the previously
discussed data. It is believed that between 200°C and 400°C, a ZnS
phase starts to grow down into the bulk from the surface of the
film. Since Cu reacts with sulfur at around 500°C, a columnar distri-
bution of ZnS and Cu2-xS is assumed. Such an anti-correlated behav-
ior is observed by EDXmapping on a sample only containing ZnS and
Cu2-xS phases, as shown in Fig. 8(a) (Details to this graph were pub-
lished elsewhere [8]). At 550°C (0 min), AES depth profiles suggest
the copper sulfides to reside at the sample’s surface. Concurrently,
the first tin incorporation is detected, leading to the first CZTS
phase which starts to nucleate at the “quadruple point” of ZnS(s),
Cu-S(s), and SnS(g) + S2(g) at the surface. As mentioned before,
no evidence of a solid SnS(s) phase as an intermediate step in the
formation reaction of CZTS at or near the “quadruple point” was ob-
served in the present study and is hence disregarded from the pres-
ent model. Furthermore, as mentioned previously, the presence of
Cu2SnS3 can neither be proven nor disproven and is therefore not
taken into consideration as well. After extended annealing times at
550°C, the Cu2ZnSnS4 phase grows down into the film. It is believed
that doing so, the CZTS phase consumes the ZnS from below and
Cu2-xS from the sides. After 30min of reaction, the obtained data sug-
gest the complete consumption of Cu2-xS, leaving behind a CZTS
grain which may have a ZnS at the back side of the grains and small
pinholes in between the individual grains.
stack in a sulfur and tin sulfide rich environment. Thewhite arrows indicate themovement
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Fig. 8. (Color online) (a) EDXmapping (top) and line scan (bottom)on a sample only containing ZnS (green color) and Cu2-xS (red color) phases as published in [8]. (b) Cross sectional SEM
image of sample C15 (120 min annealing at 550°C).
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Fig. 8(b) shows a cross sectional SEM image of sample C15 (120min
annealing at 550°C). It depicts that the fabricated CZTS thin film consists
of individual grains that sit side by side on theMoback contactwith pin-
holes in between the grains, as described by the formation model. This
gives first indications for the validity of the model.

A similar study of the formation process of CZTS under standard con-
ditions but using a 100 Pa N2/H2 reaction environment (sample series
D) has also been performed. Due to the faster kinetics of the occurring
reaction processes (e.g. the transport of sulfur and SnS(g) to the sam-
ple), the reaction was mainly thermodynamically limited. As the per-
formed ex-situ investigations could not resolve the reaction pathway
in similar detail as in the case of the previously discussed sample series
C, a similar model for the 100 Pa reaction could not be established. It is
assumed that the general reaction steps remain unchanged and that
only the reaction time scale is a different one.
3.2.4. Validation of phase distribution in thin film
Themodel described in the previous section suggests the presence of

a ZnS phase at the back side of the observed grains. To provide evidence
for these potentially harmful secondary phase, spatially resolved multi-
wavelength Raman spectroscopy investigations have been performed
on selected samples of the sample series C (50 kPa reaction) and D
(100 Pa reaction). UV-Raman investigationswere shown to be sensitive
to a ZnS phase, while a green excitation is sensitive to CZTS, as discussed
in our previous work [16].

Fig. 9 depicts Raman spectra measured with (a) 532 nm and
(b) 325 nm excitation wavelength of samples C15 (top black line) and
D5 (bottom red line), both reacted for 120min at 550°C. All four spectra
can be explained only by the presence of CZTS, in agreement with the
Fig. 9. (Color online) Raman spectra obtained
identification of the CZTS Raman vibrational modes recently reported
in [17]. This indicates that a possible ZnS phase is completely covered
by a CZTS phase, especially since the sensitivity of ZnS in the UV-
measurement is much larger than for CZTS, as discussed in [16].
Fig. 10 shows the analogous Raman spectra obtained at the back side
of sample C15 and D5, after stripping of the films using scotch tape.
While under green excitation, CZTS is the only detected phase, the
UV-Raman results clearly show peaks related to ZnS. This proves the
presence of ZnS underneath the CZTS grains, while it is not observed
on the front side of the absorber. In order to study the distribution of
the ZnS phases at the back interface of both samples, UV-Raman spec-
troscopy maps have been obtained over an area of 10 x 10 μm2 on
the back side of both films. Fig. 11 shows maps of the intensity ratio
of CZTS and ZnS peaks obtained on samples (a) C15 and (b) D5.
Fig. 11(c) and (d) exemplary showhow the intensity ratiowas obtained
for each point of themap of samples C15 andD5, respectively. Themaps
from the sample reacted under 50 kPa of N2/H2 show that the complete
back interface of the investigated area consists of ZnS. In the case of
sample D5 (100 Pa reaction), in contrary, the back interface does
show some areas with a greater CZTS signal. For the formation model,
thismeans that the coverage of the back interfacewith ZnS, as schemat-
ically drawn in Fig. 7(i), is in fact complete for the 50 kPa reaction case,
while at for the 100 Pa case there is CZTS and ZnS at the back surface.
3.3. Device results and limitations

In an initial attempt to correlate annealing conditions (especially
reaction times) of the discussed sample series C and D with solar cell
device results, buffer and window layers as well as front contacts were
at the front side of sample C15 and D5.
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Fig. 10. (Color online) Raman spectra obtained at the back side of sample C15 and D5, after stripping of the films using scotch tape.
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deposited on selected samples. During the wet-chemical CdS deposi-
tion, all films from the sample series C peeled off, such that further
opto-electronic characterization was impossible. The peeling might be
related to the full ZnS back interface coverage. Sufficient proof of either
of those hypotheses cannot be given at this point.

In case of the sample series D,made under 100 Pa background atmo-
sphere, such an adhesion issue was not observed and photo-electric
characterizationwere performed. Table 3 summarizes the champion re-
sults of the current-voltage measurements performed on the devices
Fig. 11. (Color online) Ramanmaps of the intensity ratio of CZTS andZnS peaks obtained on sam
show how the intensity ratio was obtained for each point of the map of samples C15 and D5, r
obtained from samples D1 to D5. Only the films reacted for 30 min
and shorter resulted in solar cell devices with detectable efficiencies.
The champion cell of this un-optimized batch of samples was obtained
for a reaction time of 30 min, reaching effciencies of 2.3 %.

Solar cells with efficiencies of this magnitude certainly consist of ab-
sorber layers that are far from optimal. One of the main limiting factors
is the presence of a ZnS layer at the back interface. As previously shown
using different annealing background pressures, the ZnS layer is strong-
ly dependent on the annealing conditions. Thus, an optimization of the
ples (a) C15 and (b) D5as obtainedwith a 325nmexcitation. Figs. 14(c) and (d) exemplary
espectively.
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Table 3
Summary of device performance data of samples D1–D5.

Sample Reaction time at
550°C (min)

Efficiency (%) VOC (mV) JSC (mA/cm2) FF (%)

D1 5 1.02 201 16.0 31.6
D2 15 0.57 123 15.2 30.6
D3 30 2.3 353 19.4 39.2
D4 60 0.03 40 3.1 25.3
D5 120 0 0 0 0
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annealing conditions has the potential of furtherly increase device effi-
ciencies. In order to achieve this, annealing conditions have to be chosen
such that the ZnS phase at the back interface can be minimized or even
avoided. It can be hypothezied that a change in the state of the Cu-Zn
alloy before the actual annealing step could also have an influence as
it might have a positive effect on the formation mechanism. As shown
above, the present formationmechanism promotes the formation of in-
dividual grains seperated by pinholes rather than one smooth and com-
pact film. Any change of the precursor or the annealing process should
focus on optimizing the formation mechanism. However, as the precur-
sor parameters cannot be changed widely, this CZTS formation route is
mainly limited to changes of the reaction parameters in order to opti-
mize the process.

4. Conclusion and outlook

Within this work, a way to form Cu2ZnSnS4-based thin film solar
cells from a precursor only containing copper and zinc has been pre-
sented. The formation of CZTSwas shown to progress via the incorpora-
tion of sulfur and tin sulfide from the gas phase. It was shown that the
incorporation of tin appears to be self-limiting and independent of the
amount of solid SnS provided in the annealing chamber. Ex-situ XRD,
AES, and EDX/SEM studies helped to reveal the reaction pathway from
the Cu-Zn precursor to the CZTS absorber layer. From these results, a re-
action model was established which furthermore explains the forma-
tion of the undesired ZnS secondary phase at the back interface of the
absorber, limiting the device performances to efficiencies of up to 2.3
%. A further refinement of the reactionmodel is expected once the pres-
ence of a possible solid SnS phase is conclusively determined. Proof of
the presence of the ZnS phase was given with multiple-wavelength
Raman spectroscopy and it could be shown how the background pres-
sure in the annealing chamber influences the distribution of ZnS at the
back interface and thus the device performance. An increased kinetics
at lower background pressures was shown to be beneficial for the
given reaction process.
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