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Copper zinc tin sulfide (Cu,ZnSnS,4, CZTS) is highly abundant in nature. It is an important absorber
material for the development of low-cost and sustainable next-generation I,~II-IV-VI, thin-film solar
cells because it has a the tunable direct band gap energy, inexpensive constituent elements, and a large
absorption coefficient in the visible wavelength region. This work develops an efficient one-step
vacuum-based approach to depositing CZTS films without the need to supply excess sulfur during/after
deposition or to perform any post-sulfurization treatment. This one-step RF sputtering process produces
CZTS films that are crystalline, phase-pure, dense, smooth, and continuous. Air Mass 1.5 G power
conversion efficiencies of as high as 6% have been achieved with an antireflection coating, demonstrating
that this new approach has great potential as a low-cost alternative for high-efficiency CZTS solar cell

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Copper ternary chalcogenide compounds and alloys are among
the most promising absorber materials for use in photovoltaic (PV)
devices, because their energy band gaps can be directly tuned by
adding additional elements such as group Il elements; they have
high optical absorption coefficients in the visible to near infrared
spectral range, and they have moderate surface recombination
velocities and radiation hardness. The best chalcopyrite CulnSe,
(CISe)-type thin film solar cells with Ga-containing absorber layers
of CulnGaSe, have already demonstrated a conversion efficiency
of up to 20.3% [1] and excellent longevity. However, challenges
include environmental issues and the scarcity, expense and rarity
of the constituent elements. The constituent elements of chalcopyrite-
type compound CulnGaSe, are expensive (In and Ga) and toxic (Se),
inhibiting cost-effective large scale production. Therefore, a high-
quality semiconductor that comprises abundant elements with low
toxicity is a favored alternative for large-scale commercial applications.

The alternative kesterite-type compound Cu,ZnSnS, (CZTS) is a
quaternary semiconductor that is derived from CIS by replacing In
(1I1) with Zn (I) and Sn (IV) in the ratio 50:50. It contains elements
that are abundant in the earth's crust and has an ideal direct band
gap in the range 1.0-1.5eV and a large absorption coefficient
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(~10* cm~1) [2,3]. Besides, the widely accepted Shockley-Queisser
limit conversion efficiency of CZTS solar cells reaches 28% [4]. All of
these advantages make it one of the most promising materials for
thin film solar cells. Many deposition methods have been used to
grow CZTS films, including sputtering, evaporation, electrodepos-
ited, sol-gel, liquid-processing, pulsed laser deposition, etc. [5-15].
The record efficiency of 11.1% for CZTS thin film solar cells was
achieved by Todorov et al. through non-vacuum methods [16], and
the highest efficiency of CZTS thin film solar cells fabricated through
vacuum based methods reaches 9.3% so far [17]. Currently, the
production of Cu,ZnSnS, thin-film solar cell devices as described in
the literature cited above faces some problems. These include (i) the
high price of precursor material, the toxicity of the required organic
solvents, and the quick agglomeration of particles at high tempera-
ture; (ii) the need for high-temperature sulfurization, which
involves the addition of toxic (N»+H,S) gas and sulfur vapor, in
the subsequent stage of deposition of precursor layer; and (iii) the
formation of the precursor by the stacking of layers, such as of Cu,
CuS, ZnS and ZnSn, which make the process complex and the
composition stoichiometry difficult to control. The ultimate aim of
this study was the development of a relatively simple and stable
growth technique for the production of device quality CZTS thin
films. Unlike the methods that were developed in the works cited
above, the approach herein is a single-stage sputtering process that
involves no sulfurization; has a low production cost, and does not
use a solvent that pollutes the environment. Therefore it is highly
suited the commercial mass production of solar with a large area.
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In this work, a next-generation CZTS solar device is fabricated
using a state-of-the-art technique, which combines quaternary and
binary alloy material by co-sputtering. Kesterite phase CZTS absorbers
are formed even without additional sulfur supply during/after deposi-
tion or a post-sulfurization process. Under proper processing condi-
tions, deposition results in highly-oriented, dense, polycrystalline
CZTS films that, when used in photovoltaic devices, yield efficiencies
as high as 6% with ZnO nanorod arrays antireflection coating.

2. Experiments

The CZTS solar cell devices in this study have been deposited on
1-mm-thick soda-lime glass substrates cleaned by ultrasonic
agitation in a water/detergent solution, followed by rinsing in
high-purity water. A bi-layered Mo electrode of 0.8-pm-thick was
deposited by a DC magnetron sputtering system. The CZTS films
were grown at 500 °C on Mo-coated SLG substrates with the area
of 5x5cm? by using RF magnetron sputtering in pure Ar gas
atmosphere. All CZTS films were deposited under the following
deposition conditions: RF power of 80 W was applied to the
quaternary CZTS alloy target, while 15W, 25W, and 35W RF
power was used for the binary ZnS alloy target. Substrate tem-
perature was maintained at 500 °C during the sputtering process.
An additional etching step was performed in a KCN-containing
aqueous solution (10% KCN) to remove segregated Cu,_,S on the
surface. The 60-nm-thick CdS layer was grown by chemical bath
deposition (CBD). The bath was maintained at 70 °C and contained
deionized H,0, NH4OH (31.25 mL, ACS reagent from Aldrich),
0.015M CdSO4 (99% ACS reagent from Aldrich) solution, and
1.5 M thiourea (99% from Aldrich) in deionized water. A 50 nm
thick intrinsic-ZnO and a 250 nm thick conductive-ZnO:Al (Al,03
2 wt%) film were deposited in sequence by using RF magnetron
sputtering at room temperature as window layers. The growth of
ZnO nanorod was to prepare a subwavelength structure on the top
of the CZTS devices, and AZO window layer served as a seed layer
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for the hydrothermal growth of ZnO nanorod (AZO/nanorod). CZTS
solar devices were immersed in the aqueous solution of zinc
nitrate hexahydrate (Zn(NOs),-6H,0) and hexamethylenetetra-
mine (CgHi3N4, HMT) mixture of the concentration of 0.01 and
0.01 M, respectively. A pH value of 8.5 produced the best results in
terms of ZnO nanorod morphology by using 1,3-diaminopropane
(DAP, Acros). After completing the nanorod growth, all devices
were cleaned with deionized water to remove residual salt. For J-V
measurement, individual cells with a total active area of 0.4 cm?
were defined by mechanical scribing. To efficiently collect photo-
current of CZTS devices, Al front contact grid structures were
evaporated on the top of conductive AZO layer before the growth
of ZnO nanorod.

The surface morphology was investigated with a Field-
emission scanning electron microscope (FESEM) (JEOL JSM-7401F)
from Japan Company, using a 10 kV acceleration voltage. Composi-
tional profiles were acquired by FESEM/EDX (energy dispersive
X-ray spectroscopy). Localized compositional analysis by energy
dispersive X-ray spectroscopy (EDS) was performed in a JEOL JSM-
7401F FE-SEM fitted with an Oxford INCA Energy X-ray analyzer at
selected positions across the samples. X-ray diffraction (XRD)
patterns were obtained with an automated Bruker D8 advance
using Cu Ko radiation at 40 kV and 30 mA. Raman spectra were
measured using a micro-Raman spectrometer (Jobin Yvon T64000)
using an Ar ion laser (1=514.5 nm) as an excitation source. The
chemical binding energy of the films was identified by X-ray
photoelectron spectroscopy (XPS, ULVAC-PHI, PHI Quantera SXM).
Optical transmittance and reflectance were measured at normal
incidence in the wavelength range 300-800 nm with a Cary 500
UV-visible-near infrared spectrophotometer equipped with an
integrated sphere. The current density-voltage (J-V) curves of
photovoltaic devices were obtained by a Keithley 4200 source-
measure unit. The photocurrent was measured under simulated
100 mW cm ™2 air mass 1.5 global (AM 1.5 G) irradiation using a
xenon lamp-based solar simulator at 25 °C using a temperature
controller.
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Fig. 1. Energy-dispersive spectrometer (EDS) composition analysis of annealed CZTS films deposited at various co-sputtering powers: (a) 15 W, (b) 25 W, and (c¢) 35 W.

(d) Elemental profiles determined by EDS scan.
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3. Results and discussion

Fig. Ta—c presents the composition variation of Cu,ZnSnS, thin
films prepared at different co-sputtering powers. The computed
stoichiometry shows a variation in both the Zn/Sn and Cu/(Zn+Sn)
ratios. The evaluation of the metal ratios [Cu]/([Zn]+[Sn]) and
[Zn]/[Sn] in CZTS layers is a critical point since improved perfor-
mance in solar cells has been attributed to a Cu-poor and Zn-rich
absorber layer. Top-view EDS measurements at 15 kV and 10 pA
for surface imaging, give [Zn]/[Sn]=0.97 and [Cu]/([Zn]+[Sn])=
0.95 for Fig. 1(a), [Zn]/[Sn]=1.26 and [Cu]/([Zn]+[Sn])=0.87 for
Fig. 1(b), [Zn]/[Sn]=1.51 and [Cu]/([Zn]+[Sn])=0.77 for Fig. 1(c).
Constituent elemental sulfur element was observed in all
CuyZnSnS, films without additional sulfurization. The results
herein reveal that the Cu/(Zn+Sn) ratio of sputtered films was in
the range 0.77-0.95 using a simple co-sputtering process. As the
co-sputtering power increased to 35W, the Cu/(Zn+Sn) ratio
dropped significantly to 0.77 (Fig. 1c), owing to a substantial
change in the concentrations of both Cu and Zn elements. Mean-
while, the Zn/Sn ratio changed greatly from 0.97 to 1.51 because
the concentration of the Zn element changed greatly as the co-
sputtering power increased. In the work, a Cu:(Zn+Sn):S atomic
ratio of approximately 1:1:2 was observed for co-sputtering power
of 25 W (Fig. 1b). A calculation from first principles reveals that
Cu-poor and Zn-rich conditions improve the efficiency of the CZTS
solar cells because a Cu-poor composition enhances the formation
of Cu vacancies, forming shallow acceptors in the CZTS, while a Zn-
rich condition suppresses the substitution of Cu at Zn sites,
resulting in relatively deep acceptors [18]. Therefore, CZTS solar
cells that are fabricated under Cu-poor and Zn-rich conditions
have high conversion efficiencies. The stoichiometric ratios of the
best CZTS film herein were Cu/(Zn+Sn)=0.87 and Zn/Sn=1.26,
which indicate that the film is highly Cu-poor and Zn-rich,
approaching the composition to the best reported CZTS (8.4%)
solar cell [19]. The elemental distribution of the films as a function
of depth was probed by EDX, and a depth profile of the four
elements is shown in Fig. 1(d) for co-sputtering power of 35 W.
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Energy-dispersive EDX mappings and line scans were also per-
formed on cross-sections using an acceleration voltage of 10 kV.
The EDX depth profile along the film direction reveals homoge-
neous composition of each element within the CZTS film grown by
the one-step fabrication. It can be seen that the copper, zing, tin,
and sulfur concentrations stay constant within the accuracy of the
measurement, as indicated by the almost constant relative ele-
mental ratios of the four elements through the CZTS thin film.
Fig. 2 shows the XPS spectra for the four constituent elements
of Cu(I), Sn(IV), Zn(II), S (sulfide phase). High-resolution core-level
spectra were recorded for the Cu,, region, Zn,, region, Snsq
region, and the S,;, region to determine the valence state [20,21].
It can be observed that the binding energies (BE) for Cu 2p3/, and
Cu 2pq3 are 932.5 and 952.3 eV, respectively, with peak splitting
of 19.8 eV, as shown in Fig. 2(a). The binding energy peak of the
CZTS film was also reported at 932.5 eV, corresponding to the Cu
2ps3p> core level in CZTS [22,24]. Therefore, it can be considered
that only Cu™ exists in the sample, indicating that the Cu?>* of the
starting material is reduced during the ionic reaction. Also, the Cu
2p3j2 and Cu LMM values, as compared with those reported in the
literature of [22-24] fall within the region of Cu(I), indicating that
copper is in the +1 oxidation state. Shake-up peaks may occur
when the outgoing photoelectron simultaneously interacts with a
valance electron and excites it to a higher energy level. The kinetic
energy of the shake-up core electron is then slightly reduced,
giving a satellite structure a few eV below (higher on the
calculated BE scale) the core-level position [25]. If the oxidation
states of cations and anions is maintained going from CZTS to
defected CZTS materials, only a few substitutions can be envi-
sioned to account for the charge balance in non-stoichiometric
CZTS, i.e., Cu/(Zn+Sn)<1 and Zn/Sn>1 in the study, copper
vacancies were expected to be counterbalanced with Zn?>* cations
in excess. From an electrostatic stability point of view, it was
suggested that the substitution process could be Cu*(2a)+
Cu*(2c)>Zn?*(2c)+Vey(2a) instead of 2Cu*(2a)—Zn%*(2a)+
Vcu(2a). Thus, substitution processes could be envisioned: (i) two
Cu™ cations are replaced by one Zn?* cation located at the 2a site,
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Fig. 2. The XPS spectra of CZTS films (a) core-level spectrum for Cu 2p, (b) core-level spectrum for Zn 2p, (c) core-level spectrum for Sn 3d, and (d) core-level spectrum for S 2p.
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leading also to one vacancy on this site [formally 2Cu* (2a)
—7Zn?* (2a)+ Ve, (2a)]; (ii) one Cu™ cation is removed from the
2a site, leading to one vacancy on this site, while one Cu+ cation is
replaced by one Zn2* cation on the 2c site [formally Cu™* (2a)+
Cu™(2c)«Zn%*(2c)+ Ve, (2a)]. Thus, the revision was performed
with Cu on the 2a site and Cu/Zn on the 2c site, with the site
occupancy factors (sof) being constrained to achieve the charge
balance, i.e., sof (Cuy,)+sof (Zny.)=1 and sof (Cuyc)+sof (Zny)=1.
The peaks of Zn 2p that appeared at binding energies of 1021.3 eV
(2p3,2) and 1044.6 eV (2p,2) with a peak splitting of 23.3 eV can
be assigned to Zn(II) [21,24]. The Sn 3ds, and 3ds;; peaks located
at 485.8 and 494.3 eV, respectively, with peak splitting of 8.5 eV,
indicate Sn(IV) [see Fig. 2(c)]. It is assumed that the unknown peak
near Sn 3dsj, at 496.2 eV is attributed to SnO, by checking XPS
database [26]. In Fig. 2(d) the binding energies for S 2p3,; and S
2p;2 are 161.6 eV and 162.6 eV respectively, suggesting that sulfur
is in the sulfide state [27,28]. The BE values for Cu, Zn, Sn, and S are
consistent with those reported previously [29]. These results are

100KV X50000 WD 60mm

consistent with the reported values in the literature [21,24]. From
the XPS analyses, it is found that the atomic ratios of the deposited
films are in good agreement with the EDX results. The XPS analysis
confirmed the presence of Cu, Zn, Sn, and S in their expected
oxidation states.

Fig. 3 shows SEM images of (a) the top CZTS surface, (b) the
cross section of a CZTS film deposited at a co-sputtering of 15 W,
(c) the top CZTS surface, (d) the cross section of a CZTS film
deposited at a co-sputtering of 25 W, (e) the top CZTS surface, and
(f) the cross section of a CZTS film deposited at a co-sputtering of
35W. In all cases, the crust of the CZTS film is well-fused and
dense. All the cross section CZTS films show a dense, compact film
quality, and almost without voids. Fig. 3(a) and (b) reveals that the
surface morphology of the CZTS films that were deposited at 15 W
was almost uniform and fine-grained. Our film had larger and
more densely packed grains. In Fig. 3(d), the film shows a
homogeneous, polycrystalline and extremely dense morphology
without any voids, and consists of grains with uniform size of
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Fig. 3. SEM images of (a) the top CZTS surface, (b) the cross section of a CZTS film deposited a co-sputtering power of 15 W, (¢) the top CZTS surface, (d) the cross section of a
CZTS film deposited at a co-sputtering power of 25 W, (e) the top CZTS surface, and (f) the cross section of a CZTS film deposited at a co-sputtering power of 35 W.
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about 150 nm. As the co-sputtering power was increased to 25 W,
a relatively smooth surface and uniformly sized grains in the CZTS
thin films were obtained shown in Fig. 3(c) and (d). From the
cross-section of the film as shown in Fig. 3(d), it can be seen that
film with a thickness of 1500 nm and excellent crystallinity and
compactness has been grown on substrate. It should be remarked
that columnar grains extending from the bottom to the top of the
CZTS layer were observed. This feature is similar to that of CZTS
films prepared by thermal evaporation in a vacuum system leading
to the highest conversion efficiency of 8.4% [19], and beneficial to
decreasing the minority carrier recombination during transport
process when applied to solar cell. The Cu and Zn contents of the
films could be controlled to produce CZTS films with a homo-
geneous distribution of sizes of grains large grains and favorable
polycrystallinity. For the CZTS films prepared by our co-sputtering
condition, the best CZTS film herein were Cu/(Zn+Sn)=0.87 and
Zn/Sn=1.26 which content ratio is the optimal for the best
structure. This morphology tendency is consistent with the results
of XRD analysis. When the co-sputtering power was increased to
35 W, polygon flakes were observed on the surface of the thin film.
In fact, with the highest Zn-excess the entire film is composed of
these small grains, as seen in Fig. 3(f). However, EDX reveals that
the proportion of the elements Zn/Sn in the thin film then exceed
EDX 1.5. According to the literature, such a value may result in an
enlarged thin-film band gap of the Zn-rich absorber layer causing
the thin film to have similar material characteristics to the those of
CulnS, with its wide band gap [30].

Fig. 4a-c presents the XRD patterns of CZTS films with various
compositions. The numbers in (a) CZTS-0.97, (b) CZTS-1.26, and
(c) CZTS-1.51 indicate the Zn/Sn ratio. CZTS were structurally
characterized by XRD with 26 scanning from 20° to 70°. All three
samples yielded sharp crystalline peaks that corresponded to the
kesterite or stannite structure. In Fig. 4a-c, the major XRD
diffraction peak of (112) is sharp and the small characteristic
peaks associated with the kesterite CZTS structure, such as those
of (220) and (312) are also clearly observed. The sharp peak at
20=28.48°can be attributed to the diffraction by (112) plane of
kesterite CZTS and the high intensity of peak revealed strong
preferential orientation along (112) plane in the thin film. How-
ever, it is difficult to distinguish the structure between kesterite
and stannite one due to the fact that the XRD patterns of these two
structures differ only slightly in the splitting of high order peaks,
such as (220)/(204) and (116)/(312) resulted from the lightly
different tetragonal distortion (c/2a) [31]. Only a single phase of
kesterite Cu,Zn;Sn;S4 was detected, suggesting that the CZTS films
were close to stoichiometry. There were no notable peaks related
to secondary phases from XRD, but binary or ternary sulfides such
as ZnS, Cu,_,S, and CuSn,S, have similar diffraction patterns with

Samples FWHM
» = C2zTS-0.97 0.120
o~
= - 0 ~ n ~
NE £g £g CzTS-1.26 0.117
—_ oa o CZTS-1.51  0.129
=
p | . (a) c2T8-0.97.
e
2| es o W
@ | 8% g K¢
g R bR (b) C2TS-1.26
-
c A A
es
NE [ 2 (c) c2Ts-1.51
38 d&
A A

20 30 40 50 60 70 80
20 (degree)

Fig. 4. XRD patterns of annealed CZTS films deposited at co-sputtering powers of
(a) 15W, (b) 25 W, and (c) 35 W.

CZTS owing to their similar zinc blend-type structures [32]. Fig. 4
inset shows the location and full width at half maximum (FWHM)
of (112)-peak XRD patterns for CZTS thin films. The CZTS-1.26 film
has a narrower FWHM, which implies that the Zn-rich film with a
Zn/Sn ratio of 1.26 has a higher crystalline quality. As the co-
sputtering power increased to 25 W, the film microstructure was
greatly improved, since the FWHM of the (112) diffraction peak
reduced and the peak became much better resolved. The FWHM in
the X-ray diffraction pattern is found to decrease with an increase
in co-sputtering power indicating that the crystalline nature of the
CZTS film improves with increase in co-sputtering power. Accord-
ing to the Scherrer equation, D=KA/f} cos 8 (where K, 4, f and 6
stand for the constant, the X-ray wavelength, full width at half
maximum and diffraction angle, respectively), the average crystal-
lite size (D) of the best CZTS-1.26 sample can be estimated in the
range of 60-65 nm. As the co-sputtering power was increased to
35W, the Zn content also increased. Fig. 4c reveals that the
diffraction intensity in the (112) direction is slightly weakened
because the excessive amount of Zn reduced the crystallinity of
the thin film microstructure, considerably reducing the grain
boundaries and weakening crystalline characteristics of the thin
film. Typically, semiconductor materials for photovoltaic or tran-
sistor applications perform worse in their polycrystalline form
because of carrier recombination at the grain boundaries. This is
absolutely not true in Cu,ZnSnS,4 thin film; as a matter of fact it is
believed to be opposite, i.e., grain boundaries are beneficial
reducing the recombination [33]. Our results reveal that growing
CZTS thin films in the absence of binary phase may be advanta-
geous, which may result in large grains and dense films. In
addition to the XRD study, a Raman investigation was performed
to characterize the samples fully.

Fig. 5 presents the Raman spectra of CZTS absorber films. In the
experiment, a strong and sharp quaternary Raman shift at
338 cm~!, characteristic of CZTS, was observed. The Raman
spectrum of the annealed sample includes two very small peaks,
which are characteristic of the kesterite structure, at 287 cm ™!
and 368 cm™! [34,35], while the lack of a Raman signal at
476 cm~! reflects the absence of a second-order Cu,_,S phase
[36]. In these spectra, no other peak, corresponding to binary
copper sulfide SnS,, ZnS, or Cu,SnS3, was observed. This finding
suggests that thermal process reduces the number of defects and
the number of binary phases. This absence of a second phase can
result in homogeneous optoelectronic properties and a low den-
sity of recombination centers, further improving the conversion
efficiency of solar cells [37,38].

Fig. 6 shows the efficiency distribution map of the CZTS thin
film solar cells in the CuS-ZnS-SnS pseudo-ternary phase diagram.
The composition ratios of Cu/(Zn+Sn) and Zn/Sn are defined as
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Fig. 5. Raman spectroscopic results of CZTS films deposited at co-sputtering
powers of (a) 15 W, (b) 25 W, and (c) 35 W.



280 B.-T. Jheng et al. / Solar Energy Materials & Solar Cells 128 (2014) 275-282

the atomic ratio of each constituent element. The colors indicate
the efficiency of the solar cells. The efficiency higher than 4% was
obtained at the composition ratios Cu/(Zn+Sn) and Zn/Sn appear-
ing in the range of 0.56-1.09 and 1.03-1.76, respectively. Complete
devices were formed on samples without adhesion loss and tested
under AM1.5 conditions. A conversion efficiency of 5.5% was
obtained as the highest in this study. As shown in Fig. 6, the high
efficiency samples obtained were significantly nonstoichiometric
and had Zn/Sn=1.26 and Cu/(Zn+Sn)=0.87. Literature reports
indicate however that the optimal elemental ratios for higher
quality CZTS solar cells are in the vicinity of Cu/(Zn+Sn)=0.8 and
Zn/Sn=1.2 respectively [39-42], a finding that we find our results
consistent with. Although the efficiency reports here on optimal
Cu/(Zn+Sn) and Zn/Sn ratios vary in the pseudo-ternary phase
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Fig. 6. Efficiency map of CZTS thin film solar cells in the CuS-ZnS-SnS pseudo-
ternary phase diagram.
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diagram, it appears that Zn-rich and Cu-poor compositions are
desired for better performance in CZTS solar cells. The poorer cell
performance of CZTS device fabricated at the composition ratios
Cu/(Zn+Sn)=0.95 and Zn/Sn=0.97 than of the cell fabricated Cu-
poor and Zn-rich compositions was found due to the Zn-poor
condition release the substitution of Cu at Zn sites, resulting in
relatively deep acceptors. The acceptors are attributed to the
intrinsic defects of V¢, and Cuz,, which have the activation energy
of 0.57 and 0.01 eV, respectively. Therefore, Cuz, will dominate
over V¢, in CZTS films. However, this situation may not be optimal
for solar cell applications due to the relatively deep acceptor level
of Cugz,. The relatively low efficiency resulted from the inaccurate
atomic composition which was maybe caused by the cracks and
holes on the surface of the quaternary CZTS target generated
during the sputtering process. Optimization of the stable targets
used in high efficiency CZTS devices, such as uniform, density,
purity and life, are the possible directions for further improving
target performance. Although the pseudo-ternary phase efficiency
diagram of the one-step fabricated CZTS device are obtained for a
quite scattered compositional now, the investigation on the
sputtering process by quaternary alloy target and binary alloy
target magnetron co-sputtering is just in the beginning and the
improvement on this approach can be expected by further tuning.

To evaluate the improvement of the device performance and
loss mechanisms that can be achieved by coating with ZnO
nanorod arrays, the EQE of the same solar cell was measured
before and after it was thus coated, as presented in Fig. 7a. The
EQE increases steeply around 350 nm. This increase in associated
with the absorption edge of the ZnO window layer. The second
steep increase around 500 nm is related to the absorption edge of
the CdS buffer layer. A maximum quantum efficiency of 76% is
obtained at a photon wavelength of 540 nm; at higher wave-
lengths, the curve exhibits a long tail from 700 nm, indicating a
small electron diffusion length. The estimated optical band gap of
the CZTS absorber layer, which is determined by plotting [E x In
(1—EQE)]? vs E and extrapolating the straight line portion of the
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Fig. 7. (a) External quantum efficiency of CZTS solar cell without (black dotted line) and with (blue line) antireflection coating of conical ZnO nanorods. (b) J-V characteristics
of CZTS solar cell with and without antireflection coating of conical ZnO nanorods. (c¢) Wavelength-dependent reflectance of CZTS solar cell before (black dotted line) and
after (blue line) deposition of antireflection coating of conical ZnO nanorods. (d) The cross-sectional FESEM image of the fabricated CZTS solar cell. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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graph to the E-axis, is 1.51 eV, agreeing closely with two recent
theoretical calculations [43]. However, coating with conical ZnO
nanorods improved the quantum efficiency at wavelengths from
450 nm to 850 nm. The reflectance of conical ZnO nanorod-coated
cells is independent of the wavelengths of the incident photons.
The bumps in quantum efficiency, which are related to the
interference fringes in Fig. 7a, were improved by using of conical
ZnO nanorod arrays, which increased the short-circuit current by
8.6% without any significant effect on the open-circuit voltage.
Fig. 7b plots the measured current-voltage characteristics. The
presence of the conical ZnO nanorod layer improved the short-
circuit current by 8.6%. The light conversion efficiency of the solar
cells was improved from 5.5% to 6% by using aligned conical ZnO
nanorod arrays as an antireflection layer. However, the relatively
low photocurrent was due to low quantum efficiency at long
wavelength region (Fig. 7a).The decrease in the long wavelength
response can be attributed to the increased carrier recombination
in the bulk of CZTS layers due to the poor crystalline quality. There
are obvious improvement in photocurrent and efficiency enhance-
ment. These are mainly caused by both the reduction of light
reflectance and surface recombination centers by window layer
[44]. Fig. 7c presents the optical reflectance of the conical-ZnO
nanorod-coated solar cell and the bare CZTS solar cell. The results
reveal that more photons were absorbed by the nanorod array
structure, because of its steep gradual refractive index profile and
its excellent light-trapping ability [45,46]. Fig. 7d presents cross-
section FE-SEM image of the fabricated CZTS solar cell coated with
conical-ZnO nanorods. The length of the conical-ZnO nanorods is
approximately 500 nm and their average diameter is approxi-
mately 50 nm with a broad size distribution. It was recognized
that the size and the shape of nanorods grown on the CZTS thin
film solar cell satisfy the theoretical requirements for the efficient
antireflection coating fabrication [47-49]:

(1) The height (h) must not be smaller than 40% of the longest
operational wavelength (A): h>0.44. (2) The center-to-center
spacing (A) of the nanorod structure must be smaller than the
shortest operational wavelength (4) divided by material refractive
index (n): A < A/n. The images show that the CZTS absorber layer is
dense and polycrystalline. Also, an array of densely distributed
ZnO nanorods aggregates on the top of CZTS solar cell, fully
covering the AZO window layer.

4. Conclusions

In summary, the deposition of CuZnSnS, films by the co-
sputtering of quaternary with binary targets is proposed. Working
devices that use such a sputtered film without the need for any
additional sulfur source during or after deposition are fabricated.
The CuyZnSnS, films are dense smooth morphology, polycrystal-
line kesterite structure, and (112) highly-oriented. The as-obtained
CZTS solar cells possess the power conversion efficiency of 5.5% on
a Cu-poor and Zn-rich condition and the efficiency has been
further improved to 6% by employing the nanorods structure on
the top of window layer. This ZnO nanorod coating leads to a
decrease of the average reflectance of the solar cells. It boosts the
solar cells short-circuit current up to 8.6% without significant
effect on their open-circuit voltage and fill factor (FF), although
the processing details are not yet optimized. Optimization of other
layers and the approaches used in high efficiency Cu,ZnSnS4
devices, such as absorbing layer stoichiometry and junction band
engineering, are the possible directions for further improving
device performance. This research will contribute to the develop-
ment of multi-element compound targets, the commercialization
of Cu,ZnSnS, solar cells, and the development of the nano
manufacturing of non-sulfurized Cu,ZnSnS, solar cells. Owing to

the rapidity of production by sputtering, the price of solar cells
may be greatly reduced, supporting future mass production and
providing considerable economic benefits.
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