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. We have investigated the impact of Cu,ZnSnS, -Molybdenum (Mo) interface quality on the performance

. of sputter-grown Cu,ZnSnS, (CZTS) solar cell. Thin film CZTS was deposited by sputter deposition

. technique using stoichiometry quaternary CZTS target. Formation of molybdenum sulphide (MoS,)
interfacial layer is observed in sputter grown CZTS films after sulphurization. Thickness of MoS, layer
is found ~142 nm when CZTS layer (550 nm thick) is sulphurized at 600 °C. Thickness of MoS, layer
significantly increased to ~240 nm in case of thicker CZTS layer (650 nm) under similar sulphurization
condition. We also observe that high temperature (600 °C) annealing suppress the elemental impurities
(Cu, Zn, Sn) at interfacial layer. The amount of out-diffused Mo significantly varies with the change in
sulphurization temperature. The out-diffused Mo into CZTS layer and reconstructed interfacial layer
remarkably decreases series resistance and increases shunt resistance of the solar cell. The overall
efficienc of the solar cell isimproved by nearly five times when 600 °C sulphurized CZTS layer is applied
in place of oo °C sulphurized layer. Molybdenum and sulphur diffusion reconstruct the interface layer
during heat treatment and play the major role in charge carrier dynamics of a photovoltaic device.

Cu,ZnSnS, (CZTS) is extensively studied as an active absorber layer in solar cell architecture as it is non-toxic,
earth-abundant and has the potential to demonstrate excellent solar cell performance'~”. However, presence
of impurities, inter-diffusion of elemental atoms, interfacial layer formation, secondary phase formation and
non-stoichiometry limits the solar cell effici cy®!2. To address the issues, we demonstrate the impact of Mo
out-diffusion and interface layer quality on the performance of sputter-grown CZTS based solar cells.
The structural, crystallographic, and electrical properties of the CZTS layer can be tailored by optimizing
stoichiometry-compositions, which can signifi antly control the formation of native defects!*-1°. The chemical
: composition and structural properties of the CZTS layer depend on the deposition process and sulphurization
. temperature'” '8, Among several deposition methods®'**2, sputter deposition technique provides precise con-
. trol of film thickness over large area, in-situ crystal quality by tuning working pressure during deposition, and
chemical composition of the deposited layer'-**. Furthermore, deposition of CZTS using a single-step sputtering
from a quaternary Cu,ZnSnS, target offers many advantages, including the uniform composition of the thin film,
smooth surface, simple process and high reproducibility*.
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Figure 1. Current-voltage characteristics of CZTS solar cells with CZTS thickness of (a) 550 nm and (b)
650nm. CZTS layer are sulphurized at 500 °C and 600 °C.

Electrical properties of CZTS absorber are signifi antly improved after thermal annealing, mostly performed
in sulphur-rich atmosphere?> 2. During thermal annealing of CZTS, secondary phase formation, inter-diffusion
of elemental atoms, and growth of interfacial layer between CZTS and Mo are generally observed?. The sulphur-
ization temperature plays the crucial role on the device performance. Chalapathy et al. have grown high-quality
CZTS film when sputtered Cu/ZnSn/Cu metal layer were sulphurized at 560-580 °C for 30 min®®. The forma-
tion of bilayer morphology is reported when sulphurization temperature was 560 °C in comparison to 580 °C?.
Sulphurization temperature has a strong influence on the microstructural properties and diffusion of elements in
the films®-31. Even though there are several reports available on the sulphurization of sputter-grown CZTS, the
effect of sulphurization temperature on interface quality of sputter-grown CZTS using quaternary Cu,ZnSnS,
target is not investigated. Since sulphur is present in the quaternary Cu,ZnSnS, target; interfacial layer forma-
tion mechanism is different than the CZTS layer grown by sputter with multilayer layer metal films followed by
sulphur annealing. CZTS-Mo interface plays a critical role to decide the effici cy of the solar cells'"? and it is
difficult to avoid the formation of MoS, layer. Therefore, in this work, the impact of Mo out-diffusion into CZTS
films and formation of MoS, layer is addressed and solar cell performance is evaluated for the sputter-grown
CZTS film. The impact of elemental metal impurity in the interface layer has also been addressed.

Experimental

CZTS thin films were deposited on Mo-coated soda-lime glass using RF-magnetron sputtering at room tempera-
ture. The Mo-coated soda-lime glass substrates were ultrasonicated in isopropyl alcohol (IPA) for 10 minutes and
dried with nitrogen gas fl w. Then, the substrates were immediately loaded into the sputtering chamber. Sputter
deposition was carried out using a stoichiometric Cu,ZnSnS, target with pure Ar gas as the sputtering gas with
a base pressure of 107 Torr. The CZTS thin film was deposited with RF power of 150 W at a working pressure of
3.3 mTorr. The sputter-deposited thin films were sealed in a quartz tube together with sulphur powder following
which they were annealed in a furnace at 500-600 °C for 10 minutes. The ramping rate during annealing was
19.3°C/min. Two different thicknesses of CZTS films 550 nm and 650 nm were investigated. Scanning electron
microscopy (SEM) was used to investigate the structural quality and interface layer thickness of sputter deposited
CZTS thin film. Crystal quality and secondary phase formation were characterized by X-ray diffraction (XRD)
and Raman spectroscopy. X-ray diffraction analysis was performed using a Bruker D8 general area detector XRD
system (GADDS) in a 6-26 scan using CuKa (A=0.154 18 nm) radiation. The Raman spectra were collected
using a JY LABRAM micro-Raman system with 488 nm visible Raman excitation. Secondary ion mass spectrom-
etry (SIMS) was employed to study the elemental distribution of the CZTS thin film after thermal treatment.
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Figure 2. EQE spectra of CZTS solar cells with CZTS thickness of (a) 550 nm and (b) 650 nm after CZTS layer
sulphurized at 500 °C and 600 °C. (c) Variation of [E.In (1-EQE)]? versus E to extract bandgap of the CZTS layer.

A CdS buffer layer with ~ 60 nm thickness was deposited on sulphurized CZTS film by chemical bath depo-
sition (CBD). Then, 50 nm i-ZnO followed by ~600 nm ZnO:Al layers were deposited by RF and DC magnetron
sputtering, respectively. Finally, conductive silver paste was printed on AZO layer to form top contact fi gers.
Solar cell performance was investigated through current density-voltage (J-V) characteristics using Xe-based
solar simulator (VS-0852 and KEITHLEY 2612 A) to provide simulated 1 sun AM 1.5 G illumination with the
intensity of 100 mW/cm? The light source was calibrated with a standard Si reference cell. The total area of the
cell was 0.16 cm?. External quantum effici cy (EQE) was measured by PVE300 (Bentham) IPCE Instrument
equipped with a xenon/quartz halogen light source and calibrated with Si/Ge reference detectors. The transient
photovoltage (TPV) measurements were carried on the p-CZTS/n-CdS heterojunction solar cell to determine the
photo-generated carrier lifetime using a pulsed Nd:YAG laser (pulse width <5ns) of wavelength 532 nm with the
device illuminated with strong white light as background. TPV signals were recorded using a digital oscilloscope
(Agilent, 1 GHz) for different white light conditions. The transient signals were fitted with a single exponential
function in order to estimate the charge carrier lifetime.

Results and Discussion

Current-voltage characteristic of the CZTS thin film solar cell is presented in Fig. 1. The solar cells were fabricated
with two different absorber layer thicknesses of 550 nm and 650 nm. The solar cell with 550 nm thick CZTS film
(sulphurized at 500 °C) showed short-circuit current density (J,.) and the open-circuit voltage (V,,) of 10mA/cm?
and 450 mV, respectively (Fig. 1a). The values of J,. and V,, signifi antly enhanced to 13.2mA/cm? and 600 mV,
when CZTS layer with the same thickness (550 nm) was sulphurized at 600 °C. The overall effici ¢y of the solar
cell is increased from 1.4% to ~4.2%, when sulphurization temperature of CZTS changed from 500 °C and 600 °C.
Moreover, the J,. and V,, slightly enhance when absorber layer thickness increased to 650 nm (Fig. 1(b)). The
overall effici  cy of the solar cell is increased to ~4.4%.
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Figure 3. (a) Transient photovoltage characteristics of CZTS/CdS junction with 550 nm thick CZTS layer
sulphurized at 500 °C. Carrier life time characteristics of the solar cell with CZTS thickness of (b) 550 nm and
(c) 650 nm after sulphurized at 500 °C and 600 °C.

External quantum effici ¢y (EQE) of CZTS solar cell is also evaluated (Fig. 2). The CZTS layer sulphurized at
600°C showed signifi antly higher EQE in the wavelength region from 400 nm to 900 nm for both the thicknesses
suggesting the reduction of recombination centers in the bulk CZTS absorber layer. EQE data was also used to
estimate the electronic band gap (E,) of the CZTS absorber by plotting the [E x In(1-EQE)]* versus energy, E*.
The optical bandgap, E,, is estimated from the intercept of E axis with extrapolated linear segments of the [E.In
(1-EQE)]? curve (Fig. 2c). The estimated optical bandgap of CZTS is varying in between 1.54eV —1.6eV. The
optical band gap of the CZTS layer with different thicknesses is almost similar.

Transient photovoltage (TPV) measurements were performed to investigate the electronic properties of sput-
tered grown-CZTS based solar cells. Figure 3 shows TPV characteristics of the CZTS solar cell and estimated
carrier lifetime plots. TPV characteristics of solar cells with 550 nm thick CZTS layer (sulphurized at 500 °C) are
given in Fig. 3a. The exponential decay of the photo-voltage with respect to time directly represents the faster
recombination of the photo-generated charge carriers. A sequential slower recombination is observed at lower
open circuit potential. The lifetime of photo-generated charge carriers is calculated from TPV profile as presented
in Fig. 3b-c and compared with the solar cell in which CZTS layer is sulphurized at the different temperature.
The lifetime (125 ps) of photo-generated charge carrier is found 2.5 times higher in the film sulphurized at 600°C
than at 500 °C. Such increase in lifetime of photo-generated charge carriers indicates lower recombination rate;
which only is possible when there is a signifi ant improvement in the film quality at this temperature. In the case
of 650 nm thick CZTS film, carrier lifetime is further increased, when compared to 550 nm thick film (Fig. 3¢).
Even though thicker device (650 nm sulphurized at 600 °C) shows signifi antly higher carrier lifetime and EQE,
the power conversion effici  cy of the device is similar to the device fabricated with thinner CZTS layer (550 nm).
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Figure 4. XRD pattern of CZTS layer after annealed at different temperatures.

550°C 0.68 12.4 0.34 24.1
600°C 0.66 12.8 0.30 27.3
650°C 0.64 13.3 0.28 29.4

Table 1. Comparison of FWHM and crystal size of sputter grown CZTS with annealing temperature.

There is a considerable difference in solar cell parameters. In fact, series resistance and shunt resistance signifi-
cantly varies with the thickness of CZTS layer.

The series and shunt resistance of all four devices are calculated (Fig. 1). The resistance values change signif-
icantly with sulphurization temperature and film thickness. The ten times lower series resistance and five times
higher shunt-resistance are measured, when the solar cell is fabricated with CZTS layer of thickness 550 nm and
sulphurized at 600 °C as compared to 500 °C. Since shunt resistance mainly originates from the recombination at
defect states, the increase in the shunt resistance indicates the reduction of defect states. The series resistance and
shunt resistance of the device with CZTS thickness of 650 nm are significantly different compared with the device
of CZTS thickness 550 nm. It is important to note that the device fabrication process is similar and the device
was fabricated after thermal treatment of CZTS layer. Thus, any variation in the resistance can be safely assumed
to have originated due to the rear surface recombination. Th s suggests that the interface quality between CZTS
and Mo plays an important role in the overall carrier collection effici  cy and this layer is signifi antly dependent
on the thickness of sputter-grown CZTS layer. The interface layer formation is particularly important for sputter
CZTS film using quaternary Cu,ZnSnS, target, as sulphur is present in the sputter film.

Solar cell characterization data shows that sulphurization of CZTS film at 600 °C has better performance
irrespective of layer thickness. Furthermore, shunt and sheet resistances indicate that annealing at 600 °C is more
benefic al. Because at this temperature material quality of CZTS film as well as interface properties improve
signifi antly. However, it is worth mentioning that the CZTS solar cells with thicker CZTS layer suffer from
high series resistance and low shunt resistance. Therefore, structural properties of CZTS films are investigated
to identify the cause for such difference in solar cell performance. XRD analysis shows all films exhibit a major
diffraction peak at 28.5° corresponding to (112) planes of kesterite CZTS phase*-*, for as-deposited films and
after thermal treatment, as shown in Fig. 4. There is no signifi ant structural change observed with the change in
annealing temperature for sputter grown CZTS on Mo-coated substrate. The secondary phase formation for the
film sulphurized at 500 °C and 600 °C is similar in XRD measurements. The full width half maximum (FWHM)
values of (112) and (220) peaks of annealed CZTS films (at different temperatures) are tabulated in Table 1. Th
corresponding crystal size of the main XRD peaks of CZTS(112) and CZTS(220) of samples annealed at differ-
ent temperatures was also determined from the Scherrer formula, D =K.\/3.Cos, where D, k, \, 3 and 0 are
grain size, dimensionless shape factor, X-ray wavelength, line broadening at FWHM in radians and Bragg angle,
respectively. The crystal size of sputter-grown CZTS is ~11.3 nm after thermal treatment at 500 °C. By increasing
annealing temperature, crystal sizes increases slightly, mainly originated from the improvement of the crystal
quality of the films.
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Figure 5. SIMS profile of elemental atoms from CZTS/Mo structure for (a) as-deposited CZTS film and after
sulphurizationat (b) 500°C, (c) 550 °C and (d) 600°C.

500°C 130nm
550 nm

600°C 142nm

500°C 149nm
650nm

600°C 240nm

Table 2. Comparison of CZTS layer thickness and MoS, layer thickness with annealing temperature.

The elemental out-diffusion and formation of the interfacial layer are further investigated by time-of-fli ht
secondary ion mass spectrometry (TOFSIMS) depth profiling analysis. For the depth profile analysis, CZTS was
sputtered on Mo-coated glass using stoichiometric quaternary single target at RF power of 150 W and working
pressure of 3.3 mTorr. Sulphur is present in the as-deposited CZTS film. Formation of thin interfacial MoS, layer
between Mo and CZTS was observed as indicated by a low MoS, peak in Fig. 5(a). After sulphurization at 500°C
for 10 mins, the elemental out-diffusion of Mo into the CZTS layer was observed. The Mo-rich CZTS layer was
formed after thermal treatment at high temperature. With the increase of annealing temperature, the thickness
of MoS, interfacial layer increases, as shown in Fig. 5(b-d). Elemental composition of Zn, Cu and Sn in the MoS,
layer also varied with temperature. SIMS analysis shows that annealing at the lower temperature (500 °C) results
in higher amount of impurity (Cu, Sn and Zn) present in the MoS, film. Signifi ant reduction of the Zn, Cu and
Sn composition was observed for post sulphurization at 600 °C. Since, elemental impurity atoms in MoS, layer
work as a trap centers, the reduction of these atoms thus improved solar cells performance through the reduction
of series resistance and enhancement of shunt resistance of the devices. Furthermore, Mo and S content in the
MoS, layer signifi antly varies with sulphurization temperature, as shown in Fig. 6. Thus, it can be considered that
after sulphurization, sputter-grown CZTS layer portrays three different regions, (i) CZTS layer, (ii) Mo-rich CZTS
layer and (iii) MoS, layer at CZTS/Mo interface. The formation of Mo-rich CZTS layer is due to the out-diffusion
of Mo into the CZTS absorber layer. SIMS profiles of elemental atoms from the solar cell (Al:ZnO/i-ZnO/CdS/
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Figure 6. Comparison of (a) Mo and (b) S distribution with varying annealing temperature. “AsD” denotes
as deposited sample and “A500”, “A550”, “A600” denotes samples annealed at 500 °C, 550 °C, and 600°C
respectively.

CZTS/Mo/Glass) with different thickness of CZTS absorber layer are given in Fig. 7. There is signifi ant difference
in the distribution of Mo and MoS,. For the device with CZTS thickness of 550 nm, presence of Mo-rich CZTS
layer observed between MoS, and CZTS layer. On the other hand, for the device with thicker CZTS layer, thick-
ness of MoS, layer increases and there is no trace of Mo-rich CZTS layer.

To investigate the interface layer quality we have further investigated Raman analysis. Figure 8 shows the
Raman spectra of CZTS films. A strong peak is located at 336.5cm™! corresponding to main vibrational Al
symmetry mode from kesterite phase of CZTS*"32. Peak at 285.6 cm™! is related to SnS-like lattice vibration.
Additional modes associated with secondary phase formation are also observed around 366-381 cm™! became
dominant in samples annealed at 600 °C. This mode is more prominent for the film with the CZTS thickness of
650 nm. These modes are associated with lattice vibrations close to the substrate with a MoS,-rich alloy formed
at higher annealing temperature. Raman analysis renders that the thickness of MoS, layer increases with CZTS
layer thickness.

Formation of interfacial layer has been discussed by several groups. Scragg et al. investigated effects of back
contact instability of Mo/CZTS solar cells?’. They introduced titanium nitride (TiN)- as passivated back contact
to suppress diffusion of sulphur atoms and reactions between CZTS and Mo, however, overall series resistance
increases that results in reduction of fill factor. There are several approaches to improve the back contact between
Mo and CZTS'"3% 33, To reduce the series resistance of the CZTS/Mo device, ultrathin carbon layer was intro-
duced on Mo-coated soda-lime glass (SLG) prior to the deposition of CZTS layer!!. Ge et al. demonstrated CZTS
based solar cells with transparent conducting oxides (TCO) as the front and back contacts to improve the effi-
ciency of the CZTS based solar cells*. Formation of interfacial layer and elemental content are very crucial for the
device performance. The SEM analysis was carried out to investigate the effect of sulphurization temperature on
structural, morphological properties and interface layer formation. Cross-sectional SEM shown in Fig. 9 suggests
that the grain size of the films sulphurized at different temperatures is almost similar. Further investigation on
the elemental composition of the CZTS layer by line scan across the device (from glass to device) is measured
by energy dispersive X-ray (EDX) analysis. The elemental distribution of CZTS films is significantly different
when sulphurization temperature changes from 500 °C to 600 °C (Fig. S1). Elemental analysis shows that the Mo
out-diffusion into the CZTS layer increases with the annealing temperatures. The thickness of MoS, layer depends
on annealing temperature and CZTS layer thickness.

The thickness of MoS, layer is measured from high-resolution cross-sectional SEM image, as shown in Fig. 9,
for the solar cells with CZTS layer annealed at 500 °C and 600 °C. The values are tabulated in Table 2. For the
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Figure 7. SIMS profile of elemental atoms from Al:ZnO/i-ZnO/CdS/CZTS/Mo/Glass structures with CZTS
absorber layer thickness of (a) 550 nm and (b) 650 nm.

Figure 8. Raman spectra of sputter grown CZTS films on Mo-coated glass with different thickness (550 nm and
650 nm) after thermal treatment at 500 °C and 600 °C.

thicker device, even though the annealing temperature and duration are the same, the series resistance is much
higher while the shunt resistance is lower than the solar cells with thinner CZTS layer (~550nm). Th s is due
to the presence of thick interfacial MoS, (~240 nm) layer at the interface. Reduction of Zn content as well as
increment of Cu and S content in the back contact region content was observed for the thicker device. Th's
could cause formation of highly conductive Cu,_,S secondary phase providing shunt passes and, hence, reducing
shunt resistance. Thi kness of MoS, layer, values of series resistance (R,) and shunt resistance (Ry,) for a variety
of sputter grown CZTS solar cells are given in Table 3. Sulphurization of sputter-grown CZTS layer at 600 °C has
been benefic al to improve the charge transport property between CZTS and Mo through the reduction of series
resistance?®. On the other hand, reduction of impurity elements at the interface enhanced shunt resistance and
thus lower the charge recombination? and thus boost the effici cy of the device signifi antly (by 5 times) as
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Figure 9. Cross-sectional SEM images of solar cell devices AZO/i-ZnO/CdS/CZTS/Mo/Glass. The CZTS layers
(550 n1m) sulphurized at (a) 500°C and (b) 600 °C. The CZTS layers (650 nm) sulphurized at (c) 500°C and (d)
600 °C. The respective cross section of the MoS, interface layer (IL) obtained using focused ion beam milling
(FIB) for each of the images in (a-d) as highlighted by the red box is shown to the right to determine the IL
thickness. The thickness values have been tabulated in Table 2.

compared to the devices fabricated using CZTS layer sulphurized at 500 °C. The presence of thick interface layer
and absence of Mo-rich CZTS layer suppressed the overall performance of the device, even though absorber
quality is improved after thermal treatment for the thicker device (CZTS thickness of 650 nm).

It is interesting to note that, even though the effici cy of the device is ~4.2% with CZTS layer thickness
of ~550 nm, it is the highest reported value so far for the sputter-grown CZTS absorber layer with thickness
~500 nm. Fill-factor of the device is ~53%, which is relatively much lower as compared to the previously reported
results® 3. Thus, by increasing the FF of the device through suitable metal contact engineering, the effici cy
of the solar cells can be increased further. Photovoltaic parameters of reported CZTS samples are tabulated in
Table 4. Recently, Hou et al. reported CZTS based solar cells with the effici cy of 1.85% for low-temperature
grown CZTS thin films of thickness ~110nm?. Su et al. also showed that the Cd doped CZTS film exhibited
excellent solar cell performance’®. The replacement of Zn by Cd was considered the main cause to boost the
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Sequential o
1100 sputteringof | /> Cfor 200 25.1 1445 |30
60min
precursor films
Sequential o
1000 sputteringof | 2007375°CHor 00 400|185 8192 |37
60min
precursor films
Sequential o
1200 sputtering of 580°C for 100 149 65 38
30min
precursor films
. 500-525°C for
1270 Co-sputtering 3_4hours 60 5.76 400 39
260°C for
75min followed
1000 Co-sputtering by annealing 100 1.2 1183 40
at 510°C for
15min
Sequential o
1000 sputteringof | /0 Cfor 270 15.1 1630 41
30min
precursor films
Sequential o
1000 sputtering of 560°C for 80 27.9 230.4 42
60min
precursor films
650 Single target 600°C for 240 9.1 25 Ths study
sputtering 10min
: o
550 Single target 600°C for 142 5.9 401 Ths study
sputtering 10min

Table 3. Device characteristics of reported CZTS thin film solar cells made by sputtering.

Sequential o
1000 sputteringof | 2007575°CHor |76 N7y 464 | 259 37
60 min
precursor films
Sequential o
1200 sputteringof | 330 for 25 |492 |34 |38 38
30min
precursor films
. 500-525°C for
1270 Co-sputtering 3-4hours 19 603 55 6.2 39
260°C for
75min
1000 Co-sputtering | [ollowed by 211|625 |65.1 |8.58 40
annealing at
510°C for
15min.
Sequential o
1000 sputtering of 570°C for 1597 | 641 42 43 41
30min
precursor films
750 Single target | 570°C for 1907|513 |527 |52 43
sputtering 60 min
1300 Co-sputtering 580°C for 17.9 610 62 6.77 44
3hours
: o
650 Single target | 600°C for 144|608 |502 |44 Ths study
sputtering 10 min
550 Single target | 600°C for 131|594 |533 |42 Ths study
sputtering 10min

Table 4. Photovoltaic parameters of reported sputter grown CZTS thin film solar cells.

effici cy®. Ge et al. also developed indium substituted CZTIS thin film absorber alloy and the novel bifacial
device®. Similarly, the doping of Mo into CZTS layer can be considered to further design CZTS based solar cells
to improve back contact quality. It is also worth to note that the sputter deposition method provides high quality
thin film over large area with precise thickness. Sputter grown thin film has a huge potential for solar energy
harvesting for a large scale deployment*~#. The structural quality, interfacial layer formation and chemical com-
position can be tuned in-situ during sputter deposition®*->*. We believe that optimization of Mo content into the
CZTS layer and control thickness of interfacial layer for thick CZTS layer can boost cell effici ~ cy further.
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Conclusions

The temperature of sulphur treatment of sputter growth CZTS has the signifi ant impact on the materials quality.
Photo-generated carrier lifetime increases more than 3 times after suphurization at 600 °C. Mo out-diffusion and
formation of Mo-rich CZTS are observed after sulphurization at 600 °C, and the two interfacial layers thus formed
comprises of MoS, and Mo-rich CZTS layer. The elemental composition at the CZTS-Mo interface and amount
of Mo varies with different sulphurization temperature. The out-diffusion of Mo into CZTS layer plays an impor-
tant role on the device performance. Series resistance remarkably decreases and shunt resistance increases after
thermal treatment at 600 °C through the reduction of recombination centres at the interface. The overall effici cy
of the solar cell improves nearly by five times when compared to CZTS-Mo interface sulphurized at 500 °C. The
effici cy of ~4.2% with CZTS layer thickness of 550 nm is the highest achieved thus far for the sputter-grown
CZTS absorber layer.

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

Todorov, T. K. et al. Beyond 11% effici cy: characteristics of state-of-the-art Cu,ZnSn(S,Se), solar cells. Adv. Energy Mater. 3,
34-38, doi:10.1002/aenm.201200348 (2013).

Yan, C. et al. Boosting the effici cy of pure sulfide CZTS solar cells using the In/Cd-based hybrid buffers. Sol. Energy Mater. Sol.
Cells 144, 700-706, doi:10.1016/j.s0lmat.2015.10.019 (2016).

Tong, Z. et al. Modifi ation of absorber quality and Mo-back contact by a thin Bi intermediate layer for kesterite Cu,ZnSnS, solar
cells. Sol. Energy Mater. Sol. Cells 144, 537-543, doi:10.1016/j.s0lmat.2015.09.066 (2016).

. Lee, Y. S, Gershon, T., Gunawan, O., Todorov, T. K. & Gokmen, T. Cu,ZnSnSe, thin-film solar cells by thermal co-evaporation with

11.6% effici cy and improved minority carrier diffusion length. Adv. Energy Mater. 5, 1401372, doi:10.1002/aenm.201401372
(2015).

. Wang, W. et al. Device characteristics of CZTSSe thin-film solar cells with 12.6% efficiency. Adv. Energy Mater. 4, 1301465,

doi:10.1002/aenm.201301465 (2014).

. Wang, G. et al. Fabrication of a Cu,ZnSn(S,Se), photovoltaic device by a low- toxicity ethanol solution process. ACS Appl. Mater.

Interfaces 5, 10042-10047 (2013).

. Hsu, W. et al. Spatial element distribution control in a fully solution-processed nanocrystals-based 8.6% Cu,ZnSn(S,Se), device. ACS

Nano 9164-9172 (2014).

. Guo, Q. et al. Fabrication of 7.2% effici t CZTSSe solar cells using CZTS nanocrystals. J. Am. Chem. Soc. 132, 17384-17386,

doi:10.1021/ja108427b (2010).

. Caballero, R. et al. Non-stoichiometry effect and disorder in Cu,ZnSnS, thin films obtained by flash evaporation: Raman scattering

investigation. Acta Mater. 65,412-417, doi:10.1016/j.actamat.2013.11.010 (2014).

Mendis, B. G. et al. The role of secondary phase precipitation on grain boundary electrical activity in Cu,ZnSnS, (CZTS)
photovoltaic absorber layer material. . Appl. Phys. 112, 124508, doi:10.1063/1.4769738 (2012).

Zhou, E et al. Improvement of ] in a Cu,ZnSnS, solar cell by using a thin carbon intermediate layer at the Cu,ZnSnS,/Mo interface.
ACS Appl. Mater. Interfaces 7,22868-22873 (2015).

Liu, X. et al. Rapid thermal annealed Molybdenum back contact for Cu,ZnSnS, thin film solar cells. Appl. Phys. Lett. 106, 131110,
doi:10.1063/1.4916994 (2015).

Kosyak, V., Amiri, N. B. M., Postnikov, A. V. & Scarpulla, M. A. Model of native point defect equilibrium in Cu,ZnSnS, and
application to one-zone annealing. J. Appl. Phys. 114, 124501, d0i:10.1063/1.4819206 (2013).

Banavoth, M., Dias, S. & Krupanidhi, S. B. Near-infrared photoactive Cu,ZnSnS, thin films by co-sputtering. AIP Adv 3, 082132,
doi:10.1063/1.4820377 (2013).

Grossberg, M. et al. The role of structural properties on deep defect states in Cu,ZnSnS, studied by photoluminescence spectroscopy.
Appl. Phys. Lett. 101, 102102, doi:10.1063/1.4750249 (2012).

Altamura, G., Wang, M. & Choy, K. Influence of alkali metals (Na, Li, Rb) on the performance of electrostatic spray-assisted vapor
deposited Cu,ZnSn(S,Se), solar cells. Sci. Rep 6, 22109, doi:10.1038/srep22109 (2016).

Sun, L. et al. Structure, composition and optical properties of Cu,ZnSnS, thin films deposited by Pulsed Laser Deposition method.
Sol. Energy Mater. Sol. Cells 95,2907-2913, do0i:10.1016/j.solmat.2011.06.026 (2011).

Moholkar, A. V. et al. Studies of compositional dependent CZTS thin film solar cells by pulsed laser deposition technique: An
attempt to improve the effici  cy. J. Alloys Compd. 544, 145-151, doi:10.1016/j.jallcom.2012.07.108 (2012).

Ananthoju, B., Mohapatra, J., Jangid, M. K. & Bahadur, D. Cation/anion substitution in Cu,ZnSnS, for improved photovoltaic
performance. Sci. Rep. 6, 35369, doi:10.1038/srep35369 (2016).

Chen, R. et al. Solution-processed one- dimensional ZnO@CdS heterojunction toward effici t Cu,ZnSnS, solar cell with inverted
structure. Sci. Rep 6, 35300, doi:10.1038/srep35300 (2016).

Inamdar, A. I et al. Optimized fabrication of sputter deposited Cu,ZnSnS, (CZTS) thin films. Sol. Energy 91, 196-203, doi:10.1016/j.
solener.2013.02.003 (2013).

Liu, E et al. In situ growth of Cu,ZnSnS, thin films by reactive magnetron co-sputtering. Sol. Energy Mater. Sol. Cells 94, 2431-2434,
doi:10.1016/j.s0lmat.2010.08.003 (2010).

Sun, R. et al. Effects of selenization on phase transition and S/(S+Se) ratios of as-deposited Cu,ZnSnS, absorbers sputtered by a
quaternary target. Mater. Lett. 164, 140-143, doi:10.1016/j.matlet.2015.10.087 (2016).

He, J. et al. Effect of post-sulfurization on the composition, structure and optical properties of Cu,ZnSnS, thin films deposited by
sputtering from a single quaternary target. Appl. Surf. Sci. 264, 133-138, doi:10.1016/j.apsusc.2012.09.140 (2013).

Yang, W. et al. Novel solution processing of high-effici ~ cy earth-abundant Cu,ZnSn(S,Se), solar cells. Adv. Mater. 24, 6323-6329,
doi:10.1002/adma.201201785 (2012).

Aldalbahi, A., Mkawi, E. M., Ibrahim, K. & Farrukh, M. A. Effect of sulfurization time on the properties of copper zinc tin sulfid
thin films grown by electrochemical deposition. Sci. Rep. 6, 32431, doi:10.1038/srep32431 (2016).

Scragg, J. J. et al. Effects of back contact instability on Cu,ZnSnS, devices and processes. Chem. Mater. 25, 3162-3171, doi:10.1021/
cm4015223 (2013).

Chalapathy, R. B. V., Jung, G. S. & Ahn, B. T. Fabrication of Cu,ZnSnS, films by sulfurization of Cu/ZnSn/Cu precursor layers in
sulfur atmosphere for solar cells. Sol. Energy Mater. Sol. Cells 95, 3216-3221, doi:10.1016/j.solmat.2011.07.017 (2011).

Dalapati, G. K. et al. Sputter grown sub-micrometer thick Cu,ZnSnS, thin film for photovoltaic device application. Mater. Lett. 160,
45-50, doi:10.1016/j.matlet.2015.07.089 (2015).

Li, W,, Chen, J., Yan, C. & Hao, X. The effect of ZnS segregation on Zn-rich CZTS thin film solar cells. J. Alloys Compd. 632, 178-184,
doi:10.1016/j.jallcom.2015.01.205 (2015).

Tsai, H. et al. Facile growth of Cu,ZnSnS, thin-film by one-step pulsed hybrid electrophoretic and electroplating deposition. Sci. Rep.
6, 19102, d0i:10.1038/srep19102 (2016).

Guc, M. et al. Polarized Raman scattering study of kesterite type Cu,ZnSnS, single crystals. Sci. Rep. 6, 19414, doi:10.1038/srep19414
(2016).

Scientific Repo Rts |7:1350 | DOI:10.1038/s41598-017-01605-7 11


http://dx.doi.org/10.1002/aenm.201200348
http://dx.doi.org/10.1016/j.solmat.2015.10.019
http://dx.doi.org/10.1016/j.solmat.2015.09.066
http://dx.doi.org/10.1002/aenm.201401372
http://dx.doi.org/10.1002/aenm.201301465
http://dx.doi.org/10.1021/ja108427b
http://dx.doi.org/10.1016/j.actamat.2013.11.010
http://dx.doi.org/10.1063/1.4769738
http://dx.doi.org/10.1063/1.4916994
http://dx.doi.org/10.1063/1.4819206
http://dx.doi.org/10.1063/1.4820377
http://dx.doi.org/10.1063/1.4750249
http://dx.doi.org/10.1038/srep22109
http://dx.doi.org/10.1016/j.solmat.2011.06.026
http://dx.doi.org/10.1016/j.jallcom.2012.07.108
http://dx.doi.org/10.1038/srep35369
http://dx.doi.org/10.1038/srep35300
http://dx.doi.org/10.1016/j.solener.2013.02.003
http://dx.doi.org/10.1016/j.solener.2013.02.003
http://dx.doi.org/10.1016/j.solmat.2010.08.003
http://dx.doi.org/10.1016/j.matlet.2015.10.087
http://dx.doi.org/10.1016/j.apsusc.2012.09.140
http://dx.doi.org/10.1002/adma.201201785
http://dx.doi.org/10.1038/srep32431
http://dx.doi.org/10.1021/cm4015223
http://dx.doi.org/10.1021/cm4015223
http://dx.doi.org/10.1016/j.solmat.2011.07.017
http://dx.doi.org/10.1016/j.matlet.2015.07.089
http://dx.doi.org/10.1016/j.jallcom.2015.01.205
http://dx.doi.org/10.1038/srep19102
http://dx.doi.org/10.1038/srep19414

www.nature.com/scientificreports/

33. Ge, J., Chu, ], Jiang, J., Yan, Y. & Yang, P. Characteristics of In-substituted CZTS thin film and bifacial solar cell. ACS Appl. Mater.
Interfaces 6,21118-21130 (2014).

34. Katagiri, H. et al. Enhanced conversion effici ~ cies of Cu,ZnSnS,-based thin film solar cells by using preferential ething technique.
Appl. Phys. Express 41201 (2008).

35. Hou, Y. et al. Low-temperature solution-processed kesterite solar cell based on in situ deposition of ultrathin absorber layer. ACS
Appl. Mater. Interfaces 7,21100-21106 (2015).

36. Su, Z. et al. Cation substitution of solution-processed Cu,ZnSnS, thin film solar cell with over 9% effici cy. Adv. Energy Mater. 5,
11500682 (2015).

37. Yan, C. et al. Kesterite Cu,ZnSnS, solar cell from sputtered Zn/(Cu & Sn) metal stack precursors. J. Alloys Compd. 610, 486-491
(2014).

38. Emrani, A., Rajbhandari, P. P, Dhakal, T. P. & Westgate, C. R. Cu,ZnSnS, solar cells fabricated by short-term sulfurization of
sputtered Sn/Zn/Cu precursors under an H2S atmosphere. Thin Solid Films 577, 62-66, d0i:10.1016/j.tsf.2015.01.051 (2015).

39. Dhakal, T. P, Peng, C. Y., Reid Tobias, R., Dasharathy, R. & Westgate, C. R. Characterization of a CZTS thin film solar cell grown by
sputtering method. Sol. Energy 100, 23-30, doi:10.1016/j.solener.2013.11.035 (2014).

40. Feng, Y. et al. A low-temperature formation path toward highly effici t Se-free Cu,ZnSnS, solar cells fabricated through sputtering
and sulfurization. CrystEngComm 18, 1070-1077, doi:10.1039/C5CE02279G (2016).

41. Liu, X. et al. Improving Cu,ZnSnS, (CZTS) solar cell performance by an ultrathin ZnO intermediate layer between CZT'S absorber
and Mo back contact. Phys. Status Solidi - Rapid Res. Lett. 8, 966-970, doi:10.1002/pssr.201409052 (2014).

42. Li, W, Chen, J., Cui, H., Liu, E. & Hao, X. Inhibiting MoS, formation by introducing a ZnO intermediate layer for Cu,ZnSnS, solar
cells. Mater. Lett. 130, 87-90, doi:10.1016/j.matlet.2014.05.089 (2014).

43. Lin, Y. P, Chi, Y. E, Hsieh, T. E,, Chen, Y. C. & Huang, K. P. Preparation of Cu,ZnSnS, (CZTS) sputtering target and its application
to the fabrication of CZTS thin-film solar cells. . Alloys Compd. 654, 498-508, doi:10.1016/j.jallcom.2015.09.111 (2016).

44. Katagiri, H. et al. Enhanced conversion effici ~ cies of Cu,ZnSnS,-based thin film solar cells by using preferential etching technique.
Appl. Phys. Express 1,41201, doi:10.1143/APEX.1.041201 (2008).

45. Dalapati, G. K. et al. Aluminium alloyed iron-silicide/silicon solar cells: A simple approach for low cost environmental-friendly
photovoltaic technology. Sci. Rep. 5, 17810, doi:10.1038/srep17810 (2015).

46. Dalapati, G. K. et al. Color tunable low cost transparent heat refl ctor using copper and titanium oxide for energy saving application.
Sci. Rep. 6,20182, doi:10.1038/srep20182 (2016).

47. Zhao, G. et al. Stable ultrathin partially oxidized copper film electrode for highly effici t flex ble solar cells. Nat. Commun. 6, 8830,
doi:10.1038/ncomms9830 (2015).

48. Masudy-Panah, S. et al. Titanium doped cupric oxide for photovoltaic application. Sol. Energy Mater. Sol. Cells 140, 266-274,
doi:10.1016/j.s0lmat.2015.04.024 (2015).

49. Kumar, M., Dubey, A., Adhikari, N., Venkatesan, S. & Qiao, Q. Strategic review of secondary phases, defects and defect-complexes
in kesterite CZTS-Se solar cells. Energy Environ. Sci. 8, 3134-3159, doi:10.1039/C5EE02153G (2015).

50. Masudy-Panah, S. e al. Nanocrystal engineering of sputter-grown CuO photocathode for visible-light-driven electrochemical water
splitting. ACS Appl. Mater. Interfaces 8, 1206-1213 (2016).

51. Masudy-Panah, S., Dalapati, G. K., Radhakrishnan, K., Kumar, A. & Tan, H. R. Reduction of Cu-rich interfacial layer and
improvement of bulk CuO property through two-step sputtering for p-CuO/n-Si heterojunction solar cell. J. Appl. Phys. 116,
074501, doi:10.1063/1.4893321 (2014).

52. Masudy-Panah, S. et al. p-CuO/n-Si heterojunction solar cells with high open circuit voltage and photocurrent through interfacial
engineering. Prog. Photovolt. Res. Appl. 23, 637-645, doi:10.1002/pip.v23.5 (2015).

53. Masudy-Panah, S. et al. In situ codoping of a CuO absorber layer with aluminum and titanium: the impact of codoping and interface
engineering on the performance of a CuO-based heterojunction solar cell. J. Phys. D: Appl. Phys. 49, 375601, doi:10.1088/0022-
3727/49/37/375601 (2016).

Author Contributions

G.K.D. contributed to the conception and design of the experiment, characterization and analysis of CZTS and
writing the manuscript. S.Z. and T.K.S.W. contributed to the optical characterization, S.M.P. contributed to the
sputter deposition and structural characterization of CZTS. A.K., V.S. and C.C.T. performed SEM characterization
and EDX analysis. H.L.S. contributed for SIMS analysis. V.C. contributed for T.P.V. measurement and analysis.
Z.S.,S.K.B., A.G., and L.H.W. contributed for CZTS based device fabrication, thermal annealing and electrical
characterization. S.T. contributed for Raman characterization.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01605-7

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

Scientific  Repo Rts |7:1350 | DOI:10.1038/s41598-017-01605-7 12


http://dx.doi.org/10.1016/j.tsf.2015.01.051
http://dx.doi.org/10.1016/j.solener.2013.11.035
http://dx.doi.org/10.1039/C5CE02279G
http://dx.doi.org/10.1002/pssr.201409052
http://dx.doi.org/10.1016/j.matlet.2014.05.089
http://dx.doi.org/10.1016/j.jallcom.2015.09.111
http://dx.doi.org/10.1143/APEX.1.041201
http://dx.doi.org/10.1038/srep17810
http://dx.doi.org/10.1038/srep20182
http://dx.doi.org/10.1038/ncomms9830
http://dx.doi.org/10.1016/j.solmat.2015.04.024
http://dx.doi.org/10.1039/C5EE02153G
http://dx.doi.org/10.1063/1.4893321
http://dx.doi.org/10.1002/pip.v23.5
http://dx.doi.org/10.1088/0022-3727/49/37/375601
http://dx.doi.org/10.1088/0022-3727/49/37/375601
http://dx.doi.org/10.1038/s41598-017-01605-7
http://creativecommons.org/licenses/by/4.0/

	Impact of molybdenum out diffusion and interface quality on the performance of sputter grown CZTS based solar cells

	Experimental

	Results and Discussion

	Conclusions

	Figure 1 Current-voltage characteristics of CZTS solar cells with CZTS thickness of (a) 550 nm and (b) 650 nm.
	Figure 2 EQE spectra of CZTS solar cells with CZTS thickness of (a) 550 nm and (b) 650 nm after CZTS layer sulphurized at 500 °C and 600 °C.
	Figure 3 (a) Transient photovoltage characteristics of CZTS/CdS junction with 550 nm thick CZTS layer sulphurized at 500 °C.
	Figure 4 XRD pattern of CZTS layer after annealed at different temperatures.
	Figure 5 SIMS profile of elemental atoms from CZTS/Mo structure for (a) as-deposited CZTS film and after sulphurizationat (b) 500 °C, (c) 550 °C and (d) 600 °C.
	Figure 6 Comparison of (a) Mo and (b) S distribution with varying annealing temperature.
	Figure 7 SIMS profile of elemental atoms from Al:ZnO/i-ZnO/CdS/CZTS/Mo/Glass structures with CZTS absorber layer thickness of (a) 550 nm and (b) 650 nm.
	Figure 8 Raman spectra of sputter grown CZTS films on Mo-coated glass with different thickness (550 nm and 650 nm) after thermal treatment at 500 °C and 600 °C.
	Figure 9 Cross-sectional SEM images of solar cell devices AZO/i-ZnO/CdS/CZTS/Mo/Glass.
	Table 1 Comparison of FWHM and crystal size of sputter grown CZTS with annealing temperature.
	Table 2 Comparison of CZTS layer thickness and MoSx layer thickness with annealing temperature.
	Table 3 Device characteristics of reported CZTS thin film solar cells made by sputtering.
	Table 4 Photovoltaic parameters of reported sputter grown CZTS thin film solar cells.




