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In this study, kesterite Cu2ZnSnS4 (CZTS) absorber layerswere fabricated byDCmagnetron sputtering deposition
of metallic Cu-Zn-Sn precursors, followed by an annealing treatment in sulfur vapor atmosphere at 600 °C for
3 min using rapid thermal processing (RTP). Three types of stacked metallic films were prepared and included
pre-annealing of Cu-Sn stacks in order to induce preferential Cu-Sn alloying. The chemical composition of the sul-
furized films was obtained by X-ray fluorescence (XRF) before and after etching the samples in KCN solution. All
CZTS thin films are found to be Cu-poor and Zn-rich. Structural characterizations were performed by X-ray dif-
fraction (XRD) and Raman spectroscopy to investigate the impact of pre-annealing on the structural properties
of the precursors and final CZTS films. Glow discharge optical emission spectroscopy (GDOES) shows that pre-
annealing of the precursors can improve depth homogeneity of the CZTS films. Photoluminescence spectra and
the optical band gap energy values are compatible with literature. Selected samples were processed to solar
cells and characterized.
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1. Introduction

Thin film solar cells are promising candidates for sustainable and in-
expensive energy conversion in the future. Three thin film materials so
far have been brought into commercial production of solar cells: thin
film Si, Cu(In,Ga)Se2 (CIGS), and CdTe [1,2]. Rare elements such as In
andGamay restrict the further development of CIGS based solar cell, de-
spite the achievement of N21% conversion efficiency [3]. Also, the toxic-
ity of Cd and limited supply of Te constrain the usage of CdTe-based
solar cells.

Cu2ZnSnS4 (CZTS) has been studied as an alternative photovoltaic
material, sharing a similar crystal structure with CIGS and containing
abundant, environmentally friendly raw materials. The most stable
structure of CZTS is kesterite which has a direct band gap of about
1.5 eV and a high absorption coefficient of over 104 cm−1 in the visible
spectrum range [4]. Many different methods were developed for the
growth of CZTS absorber layers. The fabrication processes can be classi-
fied in two parts: deposition of metallic precursors followed by anneal-
ing in a sulfur atmosphere. In the first part, deposition methods can be
categorized as vacuum and non-vacuum techniques. Vacuummethods
Mat & Energie GmbH, D-14109
are for example pulsed laser deposition [5], thermal evaporation [6,7],
e-beam evaporation [8], and magnetron sputtering [9–12]. The most
commonly used non-vacuum methods are electrodeposition [13–15],
spray pyrolysis [16,17], sol-gel deposition [18], doctor-blading or spin-
coating of nanoparticles [19,20], or spin-coating or spray-deposition of
molecular precursors [21]. In the second part of the fabrication, the an-
nealing process can be performed using conventional thermal process-
ing or using a rapid thermal processing (RTP) system, the latter
allowing faster temperature ramping rates. This procedure can be per-
formed using elemental sulfur vapor or an H2S gas atmosphere. The
maximum sulfurization temperature generally varies from 500 °C to
600 °C. The champion conversion efficiencies of around 8.4% for pure
sulfide kesterite Cu2ZnSnS4 was achieved by Shin et al. [7] at first and
later of around 9.6% by Kato et al. [22], which is still far from the theoret-
ical Shockley-Queisser limit of about 32% for the conversion efficiency of
CZTS thin film based solar cells [23]. It is difficult to find the best mate-
rial growth parameters for absorber layers of high quality, in particular
due to the possible formation of secondary phases [24]. High growth
temperatures (N500 °C) are preferable for grain growth, however,
these temperatures may lead to decomposition and loss of volatile ele-
ments and compounds such asmetallic Zn and Sn-S. Unlike convention-
al thermal processing, RTP allows high ramp rates up to 50 K/s and
shorter processing times, whichmayminimize decomposition reactions
[25]. Also, rapid thermal processing is attractive for industrial fabrica-
tion due to its higher throughput and lower energy consumption.
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Table 1
Prepared metallic films for CZTS.

Sample Complete stacked
films

Pre-annealing of
Mo/Cu/Sn

Sulfurization
temperature

I –
II Mo/Cu/Sn/Zn/Cu 200 °C, 3 min 600 °C
III 380 °C, 6 min

Fig. 1. Atomic ratio of the KCN etched type I kesterite film through the surface of the film.
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In this work it was tried to find a promising metallic precursor with
and without a pre-annealing step of the Cu-Sn metallic layers, suitable
for sulfurizationwith a RTP system. Using stackedMo/Cu/Sn/Zn/Cume-
tallic films and RTP sulfurization at 600 °C for 3 min, we investigate and
compare the impact of the pre-annealing treatment of Mo/Cu/Sn on the
structural, optical and optoelectronic properties of the CZTS thin film
absorber layers.

2. Experimental

Three types of stacked Mo/Cu/Sn/Zn/Cu films were fabricated using
DC magnetron sputtering. The first type of film (I) was prepared by se-
quential deposition of the metallic precursor Mo/Cu/Sn/Zn/Cu. The
thickness values targeted were in the range of 175, 230, and 165 nm
for the Cu, Zn, and Sn layers, respectively. 70% of the Cu thickness was
deposited on top of theMo layer, and 30% on top of the Zn layer. The sec-
ond type of film (II)was exposed to a pre-annealing treatment at 200 °C
in vacuum after the deposition of Mo/Cu/Sn layers. The metal layer
thicknesses were chosen in order to obtain a [Cu]/[Sn] ratio of 1.2 in
the precursor film. The last type of film (III) was annealed at 380 °C in
vacuum after deposition of the Mo/Cu/Sn layers ([Cu] / [Sn] = 1.2), to
yield Cu-Sn alloys onMo onwhich Zn and the final Cuwas deposited af-
terwards. For comparing of the pre-annealing treatment and tempera-
tures, these three kinds of films were prepared and denoted as I, II,
and III type films (Table 1).

Metallic precursor layers were enclosed in a quartz box with a vol-
ume of approximately 200 cm3. 300 mg sulfur was placed closed to
samples and the quartz box was inserted in a RTP chamber. The quartz
box was not vacuum tight but it provides sulfur vapor pressure up to
1mbar. After achieving ~2 × 10−5 mbar base pressure in the RTP cham-
ber the samples were heated by high radiation emitted by tungsten hal-
ogen lamps with a ramp rate of 5 °C/s up to a dwell temperature of
600 °C, which was kept for 3 min. The evaporated sulfur reacted with
the hot metallic precursor layers. A thermocouple was attached close
to the samples for temperature measurements. Cooling of the samples
down to 60 °C were performed by turning of the lamps in vacuum be-
fore the RTP vented with nitrogen [26]. For removal of possible
copper-sulfide phases segregated on the surface, samples were etched
for 3 min in a 10% KCN solution. All of the absorber analyses were per-
formed after KCN etching except for the first X-ray fluorescence (XRF)
measurements. The compositional ratio of the films was checked by
XRF before and after KCN etching to reveal whether copper-sulfide
phases formed on the surface or not. The atomic ratio of the films was
determined by XRF line scans (100 different points) with a step size of
50 μm. Generator settings were 300 μA and 30 kV and the exposure
Table 2
Atomic ratio of type I, II and III films before and after KCN etching. The precursor compo-
sition was estimated from weighing, whereas the processed absorbers (I–III) were mea-
sured by XRF.

Sample Before KCN etching After KCN etching

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

Precursor 0.77 1.75 1.26
I 0.81 1.77 1.16 0.81 1.78 1.17
II 0.79 1.65 1.08 0.80 1.68 1.10
III 0.78 1.65 1.10 0.79 1.65 1.09
time of each measurement was 60 s. The crystalline structure of the
films was characterized by X-ray diffraction (XRD) using an X'pert Pro
System with Bragg Brentano configuration (θ-2θ), using the CuKα line
(λ = 1.54060 Å) and with generator settings of 30 mA and 40 kV.
Raman spectroscopy of the films were taken with a micro-Raman spec-
trometer (Dilor Labram Micro-Raman), where the wavelength of the
excitation light was 633 nm, with a spot size of 3 μm and intensity of
2 W/cm2. The surface and cross-section morphology of the films were
characterized by a Gemini Leo 1530 scanning electron microscope
(SEM). Depth profiles of the films were investigated by Glow Discharge
Optical Emission Spectroscopy (GDOES, GDA650 Analyzer). The trans-
mittance spectra of the films were obtained by a Dongwoo Optron
spectrophotometer using 450 W Xe lamp in the spectral range of
600–1350 nm at room temperature. Optical band gap measurements
were achieved by transferring the CZTS thin film layers from Mo-
coated glass to pure cleaned glass by a peel-off technique. A similar
procedure had been previously used for CIGS materials [27].
Photoluminescence measurements were performed at room tempera-
ture using an excitation laser at 670 nm and a 1/4 m spectrograph
coupled to an InGaAs diode array. For solar cell applications, chemical
bath deposition of a CdS buffer layer was obtained from cadmium ace-
tate/ammonia solution added to thiourea solution at 60 °C for 7 min.
Fig. 2. X-ray diffraction pattern of a) I, b) II, and c) III type metallic precursor films.



Fig. 3. X-ray diffraction pattern a) I, b) II, and c) III type of CZTS thin films.
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The resulting CdS layer thickness is in the order of 40 nm. The window
layer consisting of an i-ZnO/n+-ZnO:Al double layer is deposited by RF
sputtering. 130 nm i-ZnO are sputtered at 8 μbarwith argon by addition
of approximatively 1% of oxygen, followed by 240 nm of n+-ZnO:Al
layer sputtered at 1.5 μbar with pure argon. Solar cells were completed
by evaporation of a metallic grid consisting of 20 nm nickel, 2 μm alu-
minium and another 20 nm of nickel. The device performance of the
cells was characterized by current-voltage (I-V) measurements under
AM 1.5 irradiation using a Steuernagel solar simulator. Its AM 1.5 spec-
trum was approximated by an Osram metal halogen lamp HMI 575 SE.
Intensity calibration to 100 mW/cm2 had been performed using a cali-
brated CuInS2 solar cell with similar bandgap and a GaAs solar cell.

3. Results and discussion

All of the metallic precursor films were prepared Cu-poor and Zn-
rich ([Cu] / [Zn + Sn] = 0.77, [Cu] / [Sn] = 1.75, [Zn] / [Sn] = 1.26) as
determined by XRF. Table 2 presents atomic ratios of the sulfurized
CZTS films before and after theKCN etching process.While all sulfurized
films are also Cu-poor and Zn-rich, it is apparent that the Type I sample,
which has not seen any pre-anneal treatment has a decreased Sn con-
tent after sulfurization, when compared to the pre-annealed samples.
Fig. 4. Raman spectra of type I, II, and III type kesterite CZTS films.

Fig. 5. Compositional depth profile of a) I, b) II, and c) III type kesterite CZTS films
measured towards to back contact (left to right in the graph) by GDOES.
As can be seen from Table 2, the elemental compositional ratios of Cu/
(Zn + Sn), Cu/Sn, and Zn/Sn have the same values before and after
KCN etching for I, II, and III type kesterite films, when taking an experi-
mental error of ±3 at% into account. Hence, there is no indication for
the formation of copper sulfide phases at least in the top layers of the
samples accessible to KCN etching.

XRF line scanmeasurements on the films show the lateral elemental
distribution on the millimeter length scale. Fig. 1 displays variations of
the elemental atomic ratios of the type I kesterite film after KCN etching.
The fluctuation has a standard deviation of 0.04 for Cu/Sn and Zn/Sn,
and 0.01 for Cu/Zn + Sn, and thus shows a relatively good macroscopic
homogeneity of the films. Similar results have been found for the type II
and type III films.

XRD patterns of the metallic precursor thin films of type I, II, and III
are shown in Fig. 2(a–c). In the XRD pattern of the type I film
(Fig. 2(a)) the alloy Cu0.85Sn0.15 [JCPDS 03-065-9056] (2θ = 42.03°) is
observed in addition to the elemental peaks for Sn [JCPDS 01-086-
2265] (2θ = 30.59°, 32°, 44.95°). Due to an overlap with Cu [JCPDS



Fig. 6. SEM surface and cross-section microstructures of I (a, d), II (b, e), and III (c, f) type kesterite CZTS thin films.
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01–070-3038] (2θ=43.20°), CuZn [JCPDS 03-065-9061] (2θ=43.20°)
cannot be unambiguously identified. However since no elemental Zn or
any other Zn alloy is observed, the contribution of CuZn to this peak is
likely. In the XRD pattern of the type II precursor film (Fig. 2(b))
major changes are observed compared to the type I precursor film. It
can be seen clearly that the elemental Sn phase is partly transformed
to Cu-Sn alloy compounds such as Cu6Sn5 [JCPDS 05–2303] (2θ =
42.83°, 43.25°) and Cu3Sn [JCPDS 65–5721] (2θ = 43.07°) as expected.
Some elemental Sn is still observable, in addition to elemental Zn
[JCPDS 04-0831] (2θ = 43.25°). The Cu0.85Sn0.15 phase, which is meta-
stable at room temperature, could not be detected in this film. This
phase might have transformed into the more stable phase Cu6Sn5. For
Fig. 7. Plot of (αhv)2 (eV cm−1)2 versus photon energy (hv) (eV) for estimation optical
band gap energy of I, II, and III type kesterite CZTS thin films.
sample type III all metallic Sn is transformed to the Cu6Sn5 phase except
for a residual minor peak of Cu3Sn (Fig. 2(c)). In addition to the Cu-Sn
alloy compounds, elemental Zn and Mo peaks also are observed in the
structure. This indicates that the pre-annealing has mainly led to the
formation of Cu-Sn alloys, as intended.

Fig. 3 shows X-ray diffraction patterns of type I, II, III kesterite films
after annealing in sulfur atmosphere at 600 °C. The XRD patterns for
all three CZTS thin films shows dominant peaks at 28.5°, 33°, 47.33°,
56.17°, and 58.97°, which can be all assigned to either kesterite [JCPDS
26-0575], ZnS [JCPDS 05-0566] or Cu2SnS3 [JCPDS 027-0198]. However,
weak superstructure peaks of kesterite are visible below 20° indicating
the formation of kesterite, even if the presence of ZnS and Cu2SnS3 can-
not be ruled out. TheMo 110 diffraction peak is observed at 2θ=40.51°
in all films coming from the back contact [JCPDS 04–0809]. TheXRDpat-
terns for the differently processed samples are very similar, with the ex-
ception of the formation ofMoS2 [JCPDS 74-0932] at 2θ=14.30°,which
is only observed for films of type II and III.

In order to confirm the existence of the kesterite CZTS structure and
to detect possible secondary phases indistinguishable fromCZTS in XRD,
Raman spectroscopywas performed [28]. Fig. 4 presents Raman spectra
of the type I, II, and III CZTS kesterite films. In accordance with the XRD
results, all of the films irrespective of the pre-annealing process of the
Cu-Sn layer show similar Raman spectra. A strong major peak at
338 cm−1, which is attributed to the preferential vibrational A mode
of the kesterite CZTS phase is observed [29]. Other respectively minor
but characteristic peaks of CZTS appear at around 287, 365, and
375 cm−1. Although we have not observed a ZnS transition in our
Raman measurements we cannot exclude presence of this secondary
phase, because of the low Raman cross-section of the red laser light
for ZnS [30].

Compositional depth profiles of the films were obtained using the
GDOES technique. Fig. 5(a–c) shows compositional depth profiles of
type I, II, and III kesterite films, respectively. The graphs present the el-
emental distribution in the films from the top surface to the molybde-
num back contact. The intensities were normalized such that the
plotted lines coincide for the case of perfect Cu2ZnSnS4 stoichiometry.
Up to the points where the Mo signal starts to rise, all three films
show nearly coinciding intensities of the four elements, indicating low
concentrations of secondary phases in the main parts of the films.



Fig. 8. PL spectrum of kesterite CZTS thin films at room temperature.
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Near the back side of the films where they overlap with the Mo signal,
the Cu, Zn, Sn and S signals deviate from each other, with a reduced
Cu concentration in all three films. This indicates that secondary phases
mainly format the bottomof thefilms. The type I film shows the highest
Zn intensity relative to Cu and Sn, which can be explained by a signifi-
cant formation of ZnS at the bottom of the film. No clear evidence for
MoS2 formation can be derived from the GDOES data. However, since
Mo2S was observed for the type II and III films by XRD, we assume
that the presence of MoS2 contributes to some extend to the deviation
of the concentrations from the CTZS stoichiometry near the back con-
tact. The shallow slope of the Mo signal indicates that this film has a
higher roughness or porosity than the type II and III films. The type II
and III films do not show a significant difference. From these observa-
tions we conclude that the Mo/Cu/Sn/Zn/Cu precursor stack is suitable
for the synthesis offilmswith fairly homogeneous element distributions
in the bulk region of the films. The pre-annealing treatment of the Mo/
Cu/Sn stack (II, III) seems to help to form smoother films and reduce the
formation of ZnS at the back of the film.

SEM images of the type I, II, and III kesterite CZTS thin films are
shown in Fig. 6(a–c). All of the films show a similar polycrystallinemor-
phology. Fig. 6(d–f) exhibitsmicrographs of cross-sections taken for the
Fig. 9. J-V characteristic of the I, II, and III type kesterite-based solar cells.
I, II, and III type kesterite films, which also indicate a similar morpholo-
gy, although the cross-section for the film obtained from the precursor
annealed at 380 °C (type III) seems to indicate a somewhat more com-
pact layer. From the similarity of the images we deduce that the differ-
ent pre-annealing treatments do not have a major influence on the
microstructure. We attribute the small, bright grains visible on the top
surfaces to ZnS secondary phases [31,32].

Transmittance spectra of the CZTS thin films were measured to de-
termine the band gap of the films. For this the absorption coefficient,
α, was calculated using the Lambert-Beer law;

α ¼ 1
d

ln
1
T

� �
ð1Þ

where d is the thickness and T is the transmittance of the film. The band
gap energy, Eg, is obtained from plotting (αhν)2 versus photon energy
(hν), and evaluating the intercept on the horizontal photon energy
axis [33], as appropriate for direct band gap semiconductors. As
shown in Fig. 7, the band gap values determined from the graph for all
films are between 1.61 and 1.63 eV. The fact that the plotted quantity
does not drop to zero in the subgap region can be explained with sub-
stantial band tailing extending into the gap, or parasitic absorption,
e.g. due to Cu2SnS3 secondary phases. The reported band gap energy
in the literature for kesterite CZTS thin film is 1.4–1.6 eV [34], with the
band gap in high quality material most commonly reported at about
1.5 eV [35], which means that although the band gaps observed in this
study are in agreement with the higher values reported in literature.

In Fig. 8 room temperature photoluminescence (PL) spectra of the
kesterite films are shown. All PL emissions exhibit one broad asymmet-
ric bandwhich is peaked between 1.2 and 1.3 eV, which is considerably
lower than the band gap energy value determined above. Similar asym-
metric broad band valueswhich are between 1.2 and 1.3 eVwere previ-
ously reported [36–39] and have been attributed to conduction band to
acceptor transitions and related recombination paths in CZTS thin films
[37,39]. The fact that band-band transitions are not observed at room
temperature indicates a very large concentration of deep acceptor levels
in this material.

Fig. 9 shows the illuminated J-V characteristics of the corresponding
solar cells of type I, II, III kesterite CZTS thin films. All of the solar devices
show roughly a similar J-V behavior with small differences with respect
to their photovoltaic parameters (Table 3). The type I, II, and III CZTS
solar cells show open-circuit voltages of 471, 420, 428 mV, short-
circuit currents of 9.8, 13.8, 10.3 mA/cm2, fill factors of 0.41, 0.37, 0.47,
and conversion efficiencies of 1.9, 2.2, 2.0% respectively.

All devices suffer from low open-circuit voltages as well as low short
circuit currents, which indicates that the minority carrier lifetimes and
diffusion lengths are rather low, due to excessive recombination. The
short-circuit current density of the filmsmay also be limited by the sig-
nificant formation of ZnS at the back contact, as discussed above. The
differences in the JV parameters for the 3 types of devices are not con-
sidered significant with respect to their preparation conditions.

4. Conclusion

In this study CZTS thin films were grown by DC magnetron
sputtering for sequential metallic film deposition and sulfurization of
the metallic films in sulfur vapor atmosphere using rapid thermal pro-
cessing (RTP). To enhance the homogeneity of the films, pre-
Table 3
Photovoltaic parameters of I, II, and III type solar cells.

Sample Voc (mV) Jsc (mA/cm2) η (%) FF Rs (Ω∗cm2)

I 471 9.8 1.9 0.41 1.33
II 420 13.8 2.2 0.37 0.62
III 428 10.1 2.0 0.47 2.48
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annealing treatments were applied at different temperatures after de-
position of Cu and Sn on Mo coated glass, in order to preferentially
alloy the Cu with Sn. From XRD analysis it is found that for a pre-
annealing temperature of 380 °C most Sn is contained in Cu6Sn5, while
most of the Zn is still in elemental form. XRD analysis of the sulfurized
CZTS films shows specific kesterite superstructure peaks for all three
precursor types, while the presence of ZnS and Cu2SnS3 cannot be
ruled out. Formation of the CZTS crystal structure was confirmed
using Raman spectroscopy. Depth profile analyses by GDOES showed
that the pre-annealing process improved the compositional depth dis-
tribution of the films. The PL and optical band gaps of the films do not
show significant differences with respect to optical properties due to
pre-annealing process. The observed room temperature PL transition
(~1.25 eV) and band gap energy (~1.61 eV) values are compatible
with the literature, although the latter energy is rather large. The best
solar cell had a Voc of 420 mV, a Js of 13.81 mA/cm2, and an efficiency
of 2.2%.
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