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Abstract

Several studies have attempted to overcome the sudden volume expansion of the precursor
during sulfurization by the use of oxygen-containing precursors when growing the CZTS
absorber. This work demonstrates the influence of precursor stacking orders on the properties of
the CZTS thin film absorber layer from DC-sputtered oxygenated precursors for solar cell
applications. CZTS absorber layers were prepared from three types of DC-sputtered stacks,
namely, Zn-O/Sn/Cu, Sn/Zn-O/Cu, and Sn/Cu/Zn-O. The precursors were sequentially deposited
on a soda lime glass (SLG) using DC-magnetron sputtering and annealed in a sulfur and nitrogen
ambient. X-ray diffractometry (XRD) and Raman spectroscopy analyses reveal the formation of
crystalline kesterite CZTS structure regardless of the precursor stacking order. Atomic force
microscope (AFM) analysis showed that CZTS thin films grown from precursor stacks SLG/Zn-
O/Sn/Cu and SLG/Sn/Zn-O/Cu had improved morphological properties with densely packed
large grains compared to that with stack SLG/Sn/Cu/Zn-O. SLG/Zn-0/Sn/Cu is the best stack
among the studied stacking orders since it exhibits large grains in the absorber layer, which is
preferential for high-efficiency thin film solar cells. The use of oxygenated precursor with order
Sn/Zn-0O/Cu promises improved CZTS absorber properties as it exhibits better morphological
properties.
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Introduction

Semiconducting materials based on
CupZnSnS, (CZTS), Cu,ZnSnSes (CZTSe),
and their derivatives having Kesterite
structure, have recently attracted considerable
attention as promising alternatives to the well-
established thin film solar cells based on
Cu(In,Ga)(S,Se). (CIGS) and CdTe (Sharmin
et al. 2020, Akcay et al. 2021, Sawa et al.
2024a). This interest is partly due to the

constituent elements used in this material, that
are not listed as critical raw materials (CRM)
(Wadia et al. 2009, Hofmann et al. 2018).
Furthermore, the kesterite absorbers have
demonstrated promising properties such as
tunable direct bandgap and high absorption
coefficient (>10* cm™), which make them
suitable for high-efficiency solar cells
(Katagiri et al. 2001, Tibaijuka et al. 2018,
Akcay et al. 2019). This means that kesterites
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are promising material candidates for the
fabrication of highly efficient, cost-effective,
and environmentally benign thin film solar
cells.

Despite the promise and significant effort
put into their synthesis, CuZnSn(SSe)s
(CZTSSe)-based solar cells have achieved a
record efficiency of 12.6%, which is still far
less as compared to that of its counterpart
CIGS and CdTe with efficiencies up to (23.35
+ 0.5)% and (21.0 £ 0.4)%, respectively
(Green et al. 2023). For pure sulfide kesterite
(CZTS)-based solar cells, the efficiency (11.4
+ 0.3%) is even lower compared to that of the
CZTSSe- based solar cells (Green et al. 2023).
Several studies have shown that the synthesis
of kesterite absorber mixed with secondary
phases, which act as recombination centres
that lower the open-circuit voltage (Voc), is
among the major problems narrowing the
efficiency gap of kesterite-based solar cells
(Mwakyusa et al. 2019, Islam et al. 2021,
Mwakyusa et al. 2021). Therefore, dedicates
the need to understand and establish a
controlled synthesis process for making a
kesterite absorber in a way that can limit the
formation of secondary phases.

The kesterite absorber layer can be
prepared by a two-step process in which, (i)
the precursor is deposited by either a wet-
chemical approach (Tibaijuka et al. 2018) or
by a vacuum-based approach (Ratz et al.
2019), and then, (ii) annealed at high
temperature in a high-pressure chalcogen
atmosphere (Gao et al. 2016). The high-
temperature annealing provides enough
thermal energy that is needed to drive the
solid-state  reaction,  which  enhances
crystallization and grain growth in the
kesterite absorber (Delbos 2012). On the other
hand, a high-pressure chalcogen atmosphere
suppresses the decomposition of the absorber
at the surface (Weber et al. 2010, Delbos 2012,
Gao et al. 2016). However, high-temperature
annealing is expected to cause detrimental
modification of the absorber layer. This
includes morphological change (Clark et al.
2017, Ozdal et al. 2021), composition shift
(Weber et al. 2010), hole-like spots (Yoo et al.
2012, Fairbrother et al. 2014a), delamination
(Kim et al. 2022), cracks (Thota et al. 2019)
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and blisters (Kim et al. 2022). The
delamination, cracks, and blisters have been
associated with compression stress and
adhesion during the annealing process (Bras et
al. 2015, Kim et al. 2022). The compressive
stress is attributed to the volume expansion
during high-temperature annealing. This
problem is more pronounced when metallic
precursors are utilized (Yoo et al. 2012,
Fairbrother et al. 2014a, Thota et al. 2019).
The cracks and hole-like spots may create
shunting paths in the final solar cell devices
(Malerba et al. 2016, Yang et al. 2017).

Besides, CZTS absorber fabricated from
sulfide-stacked structures has been shown to
possess promising properties. For example,
Olgar et al. (2021) reported the improved
structural and optical properties of CZTS films
formed from CuSn/ZnS/Cu over those from
CuSn/Zn/Cu  precursor. This could be
interpreted as the presence of chalcogen in the
precursor reducing compressive stress and
eventually the volume expansion during
annealing. Similarly, it has been reported that
oxygen-containing precursors inhibit sudden
volume expansion during sulfurization (Ishino
etal. 2013, Chen et al. 2015, Chen et al. 2016).
In addition, the use of oxygen-containing
precursors could reduce the compositional
deviation of thin film components due to the
relatively high-temperature stability of oxides
compared to their sulfide counterparts (Chen
et al. 2015).

Several studies have attempted to
overcome the sudden volume expansion of the
precursor during sulfurization by the use of
oxygen-containing precursors when growing
the CZTS absorber. Ishno et al. (2013)
reported improved morphology of CZTS
absorber from CZT-O precursors compared to
that of CZT precursors. Similarly, Li et al.
(2020) reported the improved morphological
properties of CZTS absorber grown from the
CZT-0O precursors deposited by RF magnetron
sputtering of ZnO, SnO,, and Cu targets in a
sequence of ZnO/SnO,/Cu. Despite the
potential of oxygen inclusion in these
precursors, the influence of stacking order on
the properties of CZTS absorbers prepared
from DC-sputtered oxygenated precursors is
not yet fully exploited. This work investigated
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the influence of the stacking orders of DC-
sputtered oxygenated precursors on the
structural, morphological, and optical
properties of CZTS absorbers for solar cell
application. The oxygenated precursors
stacking order was found to have a significant
impact on the CZTS absorber properties.
Absorber with stacking order; SLG/Zn-
O/Sn/Cu showed a larger grain size, high
absorption coefficient, and direct bandgap
suggesting that absorbers fabricated based on
this approach could improve the efficiency of
the CZTS-based solar cells.

Materials and Methods
Fabrication of CZTS Thin Films

CZT-O precursors with three different
stacking orders as depicted in Figure 1, were
deposited on the ultrasonically cleaned soda
lime glass (SLG) substrates each with
dimensions of 76 mm x 26 mm x 1 mm by
direct current (DC) magnetron sputtering in a

Stack A

Stack B

BALZERS BAE 250 coating system. Before
deposition, the system was evacuated to a base
pressure of 6.0 x 10 mbar. The precursors
were sequentially deposited from the Zn, Sn,
and Cu sputtering targets each with 99.99%
purity (Plasmaterials Inc, CA, USA). To
deposit the Zn-O layer, the Zn target was
sputtered in an atmosphere containing Ar and
0O gases whose flow rates were fixed at 50
sccm and 3.0 sccm, respectively. The
deposition temperature and working pressure
were set at 150 °C and 6.0x10° mbar,
respectively. The metallic layers of Sn and Cu
were deposited at room temperature utilizing
the sputtering power of 100 W. The deposition
time was 12 min for Zn-O, 7 min for Sn, and
8 min for Cu, achieving the respective
thicknesses of 200 nm, 287 nm, and 185 nm
adapted from our previous work (Sawa et al.
2018).

Stack C

Figure 1: Schematic illustration of the precursor stacking orders.

To prepare the CZTS absorber, the as-
deposited CZT-O precursors were thermally
annealed in a sulfur and N atmosphere using
a rapid thermal processing furnace (RTP —
1000D4). Sulfur pellets of 210 mg and SLG of
2 cmx 2 cm with CZT-O precursor were
placed in a semi-sealable graphite box and
then inserted in a quartz tube of the furnace.
Before annealing, the furnace was evacuated
to a base pressure of about 10 mbar and then
filled with N at a flow rate of 80 ml/min for
20 min to obtain a background pressure of
about 300 mbar. The furnace was ramped from
room temperature to 540 °C with a ramping
rate of 140 °C/min, then held at this
temperature for 10 minutes, after which, it was
allowed to cool naturally. For consistency, all
precursor samples were sulfurized under the

same conditions to form a CZTS absorber
layer.

CZT-0 and CZTS Samples Characterization

The thicknesses of individual layers, CZT-
O stacked precursor, and CZTS absorber were
determined using the Alpha step 1Q surface
profiler at a stylus force of 16.4 mg and a scan
rate of 50 pm/s. X-ray diffraction (XRD)
measurement was carried out using
multipurpose Rigaku Ultima 1V with Cu-Ka
(L = 1.540629 A) line operated at 40 mA and
40 kV. Operated in Bragg-Brentano geometry,
samples were scanned in the range of 10° < 26
< 80°. The crystalline phases were analyzed
by comparing the measured XRD patterns
with the cards provided by ICDD as described
by Mwakyusa et al. (2021).
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To confirm the presence of the kesterite
phase, the Raman spectroscopy was carried
out using a Laser-Raman microscope (Nano-
Photon Raman Touch) at an excitation
wavelength of 532 nm. The surface
morphology of the CZTS thin films was
investigated using a VVeeco/Bruker Nanoscope
Illa Multimode Atomic Force Microscopy
(AFM) in a tapping mode as described by
Sawa et al. (2024b). The obtained images were
further analyzed with version 5.0 of the
WSxM software package (Horcas et al. 2007)
and Gwyddion software as described by Necas
and Klapetek  (2012). The optical
transmittance was measured using a UV-VIS-
NIR double-beam spectrophotometer (Perkin
Elmer Lambda 1050+) in the wavelength (1)
range 300nm <A< 2000nmm at room
temperature. The obtained data were used to
determine the optical absorption coefficient
and the bandgap of the samples.

Results and Discussions
Structural Properties

To understand the influence of the
precursor stacking order on the structural
properties of the CZTS absorber, the material
phases present in the precursors were first
investigated. The XRD pattern (Figure 2)
indicated that precursor stacks contained the
alloys of CusSn (ICDD No. 01-1240) and
CuSn (ICDD No. 06-0621) together with
elemental Sn (ICDD No. 04-0673). This
suggests that Sn intermixed with Cu during
precursor deposition to form those alloys.
Compared to the rest of the stacks, Zn-
O/Sn/Cu indicated relatively stronger XRD
intensities related to CusSn and CuSn phases
(see Figure 2 [black line])). This suggested
that alloying occurs for this stack to a
significant extent even at room temperature.
No elemental Cu was detected for this stack
indicating that all Cu reacted with Sn to form
Cu-Sn alloys. Moreover, as illustrated in
Figure 2 (black line), the phases related to ZnO
were detected. Interestingly, no brasses (Cu-
Zn) phases were observed suggesting that the

presence of the ZnO phase prevents the
formation of the brasses.

For the Zn-O layer in the middle of Sn and
Cu (Sn/Zn-0/Cu), the XRD peak intensities of
bronzes (CusSn and CuSn) significantly
decrease. However, the presence of bronzes
indicates that partly Sn diffuses toward the
surface and reacts with Cu to form Cu-Sn
alloys. As can be seen in Figure 2 (red line),
the XRD peak at 31.0° corresponding to Sn
(Figure 2 (black line)) vanished and the peak
at 31.6° corresponding to SnO, (ICDD No. 50-
1429) evolved (Figure 2 [red line]). This
reveals that part of Sn reacted with O, to form
SnO; during the deposition of the Zn-O layer
as also reported earlier by Sardashti et al.
(2015). The XRD peaks related to the ZnO
phase significantly decreased likely because it
was somewhat masked by the SnO. phase.
Moreover, the significant decrease in peak
intensities for CusSn and CuSn suggests that
the Zn-O layer prevented the intermixing of Sn
and Cu to form those alloys.

When the Zn-O layer is at the top
(Sn/Cu/zn-0), only the CusSn phase was
observed  suggesting that  deposition
temperature likely suppressed the formation of
CuSn alloy when the Zn-O layer was
deposited on Sn/Cu precursors. Furthermore,
the XRD results showed a peak at 42.7° which
corresponds to Cu,O while there were no XRD
peaks related to elemental Cu. This indicates
that part of Cu reacted with O to form Cu-0.
Perhaps, Cu reacted with residual O2 in a
sputtering chamber to form the CuO; phase as
the Zn-O layer was deposited immediately
after the Cu layer. These findings suggest that
stacking orders of the oxygenated metallic
precursors can alter CZTS absorber formation
pathways and hence significantly influence
the quality of the absorber layers. However,
along with the order of layers, it is not clear
whether or to what extent Sn and Cu-based
oxides formed in CZT-O precursors of stacks
B and C, respectively, also contribute to the
absorber properties.
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Figure 2:
O/Cu), and C (Sn/Cu/Zn-0).

Figure 3 (a) depicts XRD patterns of CZTS
thin films prepared by sulfurizing precursors
with different stacking orders. All samples
possess sharp and strong diffraction peaks at
20 angles of 28.9°, 47.8° and 56.5° that
correspond to the respective (112), (220), and
(312) crystal planes of tetragonal CZTS
compound (ICDD No. 26-0575). Regardless
of different precursor stacking orders, all
samples exhibited XRD peaks at 26.9° and
34.4° which can be assigned to the CuS
secondary phase (ICDD No. 12-0174).

The CZTS absorber layer prepared from
stack B with Sn/Zn-O/Cu stacking order
possesses an additional small XRD peak at 28°
which corresponds to the SnS; secondary
phase (ICDD No. 40-1467). Based on this
result, it can be inferred that the Zn-O layer
blocks intermixing of Cu and Sn to form metal
alloys as also observed for this precursor
(Figure 2 (red line)). The presence of SnS; in
Sn/Zn-O/Cu stack samples suggests an
incomplete reaction. As a result, the CZTS
formation proceeds via competition pathways
between binaries and ternaries. In the CZTS
and its sister materials based on CZTSe thin
films, it has been experimentally proven that
at  low temperatures ternary  phase
(CuzSnS(e)s) reacts with ZnS(e) to form the
CZTS(e) phase while at high temperatures via
reaction of binary phases (Jung et al. 2017,
Mwakyusa et al. 2021).

The XRD spectra of the CZT-O precursors with stacks A (Zn-O/Sn/Cu), B (Sn/Zn-

However, in agreement with earlier reports
by Fernandes et al. (2009) and Nakayasu et al.
(2017), secondary phases such as CuzSnS;3
(CTS) and ZnS could not be distinguished
from the CZTS phase using XRD since they
have similar lattice parameters. As a result, we
used Raman measurement to determine the
presence of vibration modes for the CZTS
phase in the samples and any other
accompanied phases. Figure 3 (b) shows in all
samples with different precursor stacking
orders, strong vibrational modes located at
338 cm* and 288 cm* which corresponded to
the CZTS phase (Abusnina et al. 2015, Yang
et al. 2017, Sharmin et al. 2020). The Raman
spectra indicated the formation of single-
phase CZTS thin films with no secondary
phases detected. This observation is contrary
to the XRD results which showed for all
samples, the presence of Cu-S-related
secondary phases, and SnS; secondary phase
to the stack Sn/zZn-O/Cu samples. This
observation suggests that the secondary
phases were formed deeper in the sample for
the Raman to detect as Raman spectroscopy is
a surface-sensitive measurement technique
that can only probe nearly 100 nm deeper from
the surface with green excitation (532 nm)
(Mwakyusa 2019). Therefore, the existence of
secondary phases masked in the bulk of the
CZTS thin films cannot be excluded in this
work.
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The XRD (a) and Raman spectra (b) for the CZTS absorber prepared from the

oxygenated metallic precursors with stacks A, B, and C.

Surface Morphology Properties

It is well acknowledged that the
crystallinity of the CZTS absorber can be
associated with an increase in grain size. To
gain insights into the grain size of the samples,
the surface morphology of the absorber was
studied from AFM images. The average grain
sizes respective to stacks A (Zn-O/Sn/Cu), B
(Sn/Zn-O/Cu), and C (Sn/Cu/Zn-O) were
found to be 751 nm, 904 nm, and 741 nm as
depicted in Table 1. Based on the precursor’s
configuration, it appears that absorbers
prepared from stack A have more potential for
photovoltaic application. It is also known that
surface roughness has an impact on the CZTS

solar cell performance as it can affect
absorber/buffer layer interface quality. The
average surface roughness, root mean square
roughness and average grains’ height of the
CZTS absorber prepared from different
configurations were evaluated. The absorber
layer prepared from stack A showed an
average roughness of about 83.70 nm while
those prepared from stacks B and C had an
average roughness of about 68.26 nm and
69.89 nm, respectively. As expected, a similar
trend was observed for root mean square and
average height (Table 1).

Table 1: The surface morphology parameters for CZTS thin films with stacks A, Band C

Samples Average RMS Mean Skewness (Ssx)  Kurtosis
grainsize  roughness (Rg) roughness (Ra) (Sk)
(nm) (nm) (nm)
Stack A 751 111.6 83.7 -0.75 1.90
Stack B 904 90.9 68.3 -0.48 2.78
Stack C 740 91.7 69.9 0.01 1.34

Figure 4 (A3, B3, C3) displays the
histograms of grain distribution in the CZTS
absorber. Stacks A and B showed a very sharp
histogram compared to stack C. This suggests
that the absorber prepared from stacks A and
B possesses mono-dispersed grain distribution
(Kumar and Singh, 2020). The presence of Cu
on top in stacks A and B promotes the
formation of Cu-S phases which are expected

to enhance the diffusion and distribution of
chalcogen resulting in improved grain growth
and redistribution (Thota et al. 2019). The
CZTS samples with a Zn-O layer on top (stack
C) showed slightly poor morphology with
large voids and small grains. This may be
attributed to the presence of ZnO which serves
as a thermally insulating layer, as a result
preventing sulfur diffusion during the
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sulfurization process hence causing less likely
grain growth (Fairbrother et al. 2014b).

The 2-D and 3-D AFM images (Figure 4
(A1, B1, Cl) and (A2, B2, C2)) also show that
the surface is fully covered by diverse peaks
of grains as well as valleys. To show the
distribution of heights and valleys, the kurtosis
and skewness values were determined and
listed in Table 1. The kurtosis is the measure
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Figure 4:

Optical Absorption and Bandgap Properties

It is also known that optical absorption is
an important factor for a material to be used as
an absorber layer for solar cell application.
The absorption coefficient, a values for CZTS
thin films prepared from different stacking

orders were computed from optical
transmittance, T  measurements, and
thicknesses, t using Equation 1.
1 1
<= -In= 1
t T

A2

of the sharpness of the peaks at the surface,
and skewness indicates the presence of peaks
or valleys on the surface. The skewness values
indicated that the surfaces of CZTS samples
from stacks A and B are mainly composed of
valleys (negative values). This is in good
agreement with the presence of the large round
grains in these samples.
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The topography (Al, B1 & C1), 3D images (A2, B2 & C2), and grains distribution
(A3, B3 & C3) of CZTS grown from stacks A, B, and C, respectively

Figure 5 (a) displays the absorption
coefficient spectra of the CZTS absorber
deposited with different stacking orders for the
wavelength range 300 nm < A4 < 2000 nm.
All  samples displayed a high optical
absorption coefficient,  in the order ~ 10* cm-
L. These values are promising for application
in CZTS-based solar cells and agree with
earlier reports (Shin et al. 2011, Tibaijuka et
al. 2018, Thota et al. 2019, Akcay et al. 2021).
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However, the absorption coefficient spectra of
stack C showed an increase in absorption in
the wavelength range between 780 and 880
nm. This discrepancy may be attributed to the
poor surface morphology of the CZTS
samples grown from stack C, which may
enhance scattering.

It is well known that, the main issue
limiting the performance of kesterite solar
cells is the larger Voc-deficit. The bandgap
energy of the absorber material plays a critical
role in defining the maximum achievable Voc.
Thus, to get insight into how these stacks will
affect bandgap, the optical bandgap of the
CZTS thin films was determined from the
absorption data. This was achieved by
extrapolating a straight line in a curve (ahv)?
against the photon energy hv of the Tauc plot
to the intercept of the horizontal hv axis

(Mkawi et al. 2014), as shown in Figure 5 (b).
As can be seen in Figure 5 (b), the bandgap
values for the absorbers prepared from stack
A, stack B, and stack C were 1.51 eV, 1.53 eV,
and 1.44 eV, respectively. All three stacks
showed bandgap energy values which are
within the desired range of the absorber layer
for single-junction thin-film solar cells
(Katagiri et al. 2008). These values are in good
agreement with the reported CZTS absorbers
prepared from oxygen-containing precursors
(Chen et al. 2015, Li et al. 2020). The results
suggest that the CZTS absorber with
promising properties for highly efficient
CZTS thin film solar cells may be grown from
oxygenated precursors. However, the bandgap
of CZTS samples from stack C was slightly
lower, which can be attributed to poor surface
morphology and crystallinity as confirmed
through AFM and XRD measurements.

b
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Figure 5: The absorption coefficient spectra (a) and Tauc’s plots (b) for the CZTS absorber
prepared from precursor stacks A, B, and C.
Conclusions of stacks of precursor layers. Compared to

CZTS absorber layares were prepared by
sulfurization of the CZT-O precursors. The
influence of stacking orders on the structural
and optical properties of the CZTS absorber
layers were investigated. The XRD spectra
confirmed that all samples, regardless of the
precursor  staking  orders, had the
polycrystalline structure whose dominant
peaks represent the CZTS thin films. In
addition, the XRD and AFM measurements
showed that the crystallinity of CZTS thin
films could be improved by changing the order

samples with other stacks, the CZTS absorber
prepared from SLG/Zn-O/Sn/Cu precursors
demonstrated a larger grain size, which is
preferable for solar cell applications. On the
other hand, XRD measurements also showed
fingerprints of Cu-related secondary phases
which could be attributed to the relatively high
Cu concentration in the precursors. However,
the Raman modes revealed the formation of
single-phase CZTS thin films with peaks
located at 288 cm™ and 338 cm™ without
secondary phases regardless of the precursor
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stacking order suggesting that the secondary
phases were not formed near the surface of the
films. Stacks A (Zn-O/Sn/Cu) and B (Sn/zZn-
O/Cu) achieved the direct bandgap energy of
~1.5 eV and absorption coefficients of over
10* cm* which were closer to the ideal values
of expected high efficiency CZTS-based thin
films solar cells. Stack C with the Zn-O layer
on top of the precursors, recorded a slightly
lower bandgap of about 1.44 eV, which can be
attributed to poor surface morphology and
crystallinity of the sample as confirmed
through AFM and XRD measurements.
Results from this study demonstrated that
using the  oxygen-containing  metallic
precursor  stacking  orders, essentially
SLG/Zn-0/Sn/Cu precursors, CZTS absorbers
with improved properties can be achieved
hence the potential to improve the
performance of CZTS solar cells. However,
further study to control the elemental
percentage composition observed in CZT-O
precursors may be required to achieve the
potential of these CZTS absorbers.
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