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1. Introduction

Pollution of the earth and shortage of energy sources have been the bottle-neck of survival
and development for human beings since the start of the 21% century. Therefore, lowering
energy consumption and protecting the environment have gradually gained attention from
countries all over the world. In order to keep sustainable development, governments, re-
search institutes, and industries have been working on the problems caused by the shortage
of available energy sources. It is well known that the best way is to exploit renewable energy
resources. Solar energy is considered to be the most economic and effective among all avail-
able renewable energy resources. Solar energy is inexhaustible and it has already been theo-
retically and experimentally proved that the earth would not be polluted at all if solar
energy was utilized effectively.

To encourage and to promote the direct utilization of solar energy, developed countries
have been legislating and deploying solar initiatives [1-3]. Joint Research Centre (Europe)
predicted that energy directly harvested from sunlight would be 20% of total energy con-
sumption in 2050, and this value could be over 50% in 2100 [4]. Solar energy will be widely
utilized in industry, agriculture and daily life. Photovoltaic (PV) systems have recently at-
tracted much attention due to their inherent advantages. Firstly, PV systems are capable of
directly translating sunlight into electrical energy. The theoretical conversion efficiency of
PV systems is relatively higher than other power generators. Secondly, PV systems do not
necessarily contain movable parts. System wear induced by mechanical movement is avoid-
ed. Therefore, PV systems can work continuously free from maintenance longer than other
power generation technologies.
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Figure 1. Market share of different PV technology [8].
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It was reported by Solarbuzz that 16.3 GW PV modules had been shipped to customers in
2010 with the lion’s share going to crystalline silicon (c-Si) technology (71%) [5]. Due to high
cost and energy consumption input in manufacturing c-Si PV of modules, market share of
the c-Si technology has been dropping while thin film PV technologies have been increasing
rapidly [6, 7]. There are three main thin film PV technologies, CdTe, CulnxGa, S(Se),
(CIGS), and thin film Si, which has gained 14%, 9%, and 6% of PV market share in 2010, re-
spectively (Fig.1) [8]. Nevertheless, Si thin film solar cell (TFSC) has been relatively underde-
veloped due to low efficiency and instability from the Staebler-Wronski effect. For the other
two thin film technologies, there are restriction on the usage of heavy metals such as cadmi-
um, the limitation in supplies for indium and tellurium, and the wide fluctuation in prices
of indium and tellurium. These render the combined production capacity of the existing
CdTe and CIGS technologies at a small scale lower than 100 GW per year. This is only a
small fraction of energy consumption in 2050 which is expected to be 27 TW [4, 9].

Recently, quaternary compound Cu,ZnSnS, (CZTS) has been intensively examined as an al-
ternative PV material due to its similarity in material properties with CIGS and the relative
abundance of raw materials (Fig. 2). CZTS is a compound semiconductor of (I),(II)IV)(VI),.
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With a high absorption coefficient (> 10* cm™) and a desirable bandgap (~1.45 eV), CZTS thin
film has been considered an excellent PV material. Theoretical calculations have shown that
conversion efficiency as high as 32% was possible for CZTS TFSCs with a CZTS layer of sev-
eral micrometers. Wadia et al. also calculated the minimum cost of raw materials for the ex-
isting PV technologies and the emerging PV technologies [10]. Part of the results is shown in
Fig. 3. The cost of raw material for CZTS PV technology is much lower than that of the three
existing thin film PV technologies.
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Figure 3. Minimum cost of raw materials for different PV technology [10].

Significant progress on this relatively new research area has been achieved in last five years.
Champion efficiency of CZTS thin film solar cell (TFSC) has reached 8.4 % and an efficiency
of 6.21 % has been demonstrated for CZTS sub-module with an area of 22.6 cm?. However,
these efficiencies are still much lower than those of CIGS PV devices. This chapter reviews
the present status of various CZTS TFSC technologies with special emphasis on properties
of CZTS thin films deposited by different methods. New results generated by solution-based
processing have been reported, and the methodologies to make CZTS photovoltaic technolo-
gy more marketable are also proposed and discussed. Based on the information reported
and our experiences gained on the research and development of CIGS and CZTS solar cells,
the challenges and perspectives of CZTS TFSCs have been addressed.

2. General properties of CZTS thin film

In 1967, CZTS single crystal was synthesized and analyzed [11]. However, it had not gained
intensive interest from academies and industries until 2007 when solar power was heavily
subsidized by governments and Si-based PV technologies encountered a skyrocketing price
of highly pure polycrystalline silicon. Thus far, structural, optical, and electrical properties
of CZTS thin film have been intensively investigated.
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2.1. Crystal structure

CZTS thin films are usually in a polycrystalline form consisting of kesterite crystal struc-
tures. Kesterite CZTS single crystal was first synthesized by Nitsche et al. using the chemical
vapor transport method [11]. X-ray diffraction (XRD) results showed that this synthesized
CZTS had sphalerite-like crystal structure with c/a being close to 2 (a=5.43 A, =10.83 A). In
1974, detailed lattice data of a CZTS single crystal were reported by Schéfer and Nitsche
(Table 1) [12]. Thereafter, this data was frequently referenced to determine CZTS phase in
literatures. In 2011, Lu et al. claimed that wurtzite CZTS nanocrystals were synthesized
through a hot injection method [13]. The experimental XRD patterns were indexed to a si-
mulated crystal structure with a wurtzite phase (Table 2).

d(A) 1/15(%) (hk)) 26 (degree)
5.421 1 002 16.338
4.869 6 101 18.205
3.847 2 110 23.101
3.126 100 112 28.530
3.008 2 103 29.675
2713 9 200 32.989
2426 1 202 37.025
2.368 3 211 37.966
2212 1 114 40.758
2.013 2 105 44.996
1.919 90 220 47.331
1.636 25 312 56.177
1618 3 303 56.858
1.565 10 224 58.969
1.45 1 314 64.177
1.356 2 008 69.229
1.245 10 332 76.442

Table 1. Lattice data of the kesterite CZTS single crystal [12].

Notes: d indicates the distance between two neighbor parallel planes, I/I ; is the relative peak
intensity, (hkl) are Miller indexes, and 20 is the twice of Bragg diffraction angle.

Kesterite CZTS has highly similar crystal structure with chalcopyrite CIGS where half of indi-
um and (or) gallium is replaced by zinc and the other half by tin (Fig. 4(a)). Similar to ZnO or
ZnS, the anions and cations in kesterite CZTS crystal are located in a tetrahedral bonding envi-
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ronment with a stacking model which is similar to zincblende (Fig. 4(c)) [14]. The other impor-
tant structure for CZTS crystal is a stannite structure (Fig. 4(d)) [14]. The difference between
kesterite CZTS crystal and stannite CZTS crystal lies in a different order in the cation sub-lat-
tice. In kesterite CZTS, cation layers of CuSn, CuZn, CuSn, and CuZn alternate at z=0, 1/2, 1/2,
and 3/4, respectively; while in stannite structures, ZnSn layers alternate with Cu, layers. The
wurtzite structure can be formed by replacing Zn (II) with Cu (I), Zn (I) and Sn (IV) in wurtzite
ZnS with each sulfur atom equally coordinating with two Cu (I), one Zn (II), and one Sn (IV)
(Fig. 4(b)) [13]. First-principle calculations by Chen et al. indicated that the kesterite structure
had a lower energy and should be more stable than the stannite structure [15]. Most of CZTS
samples crystallized in the kesterite structure as predicted theoretically. XRD results showed
that diffraction peaks of (112), (200), (220/204), and (312/116) with a preferred orientation along
(112) were commonly observed [16-19]. Peaks of (002), (008), (101), (103), (105), (110), (211),
(213), (224), and (332) were also demonstrated in the XRD spectra [20- 24].

Experimental d (A) Calculated d (A) (hkl) Experimental 26 (degree)
3.339 3.324 100 26.70
3.175 3.169 002 28.10
2.954 2.944 101 30.26
2.299 2.294 102 39.19
1.921 1.919 110 47.32
1.783 1.783 103 51.23

Table 2. Lattice data of the wurtzite CZTS crystal [13].

2.2. Optical properties

The optical bandgap of stoichiometric kesterite-CZTS was theoretically determined to be
1.50 eV [15]. Experimental results demonstrated that bandgap of CZTS thin film deposited
using different method varied from 1.4 eV to 1.5 eV [16, 19, 20, 25, 26]. It is commonly recog-
nized that CZTS thin film has an absorption coefficient as high as 10* cm™. Sol-gel derived
CZTS thin film from our group confirmed that the absorption coefficient is higher than 10*
cm’ in the photon energy range greater than 1.2 eV (Fig. 5) [27].

Raman spectrum is a powerful characterization method to reveal Raman shift peaks in
CZTS especially for the peaks associated with secondary phases such as Cu,S, ZnS, Sn,S,
Cu,5nS;, and CusSnS,. The universally acknowledged peak is 338 cm™ [28]. However, peaks
at 96 cm™, 166 cm™, 250 cm™, 251 cm™, 287 ecm™, 288 cm™, 289 cm™, 337 cm™, 338 cm™, 352
cm™, 370 cm™, 372 cm™ have also been observed and assigned to CZTS [16, 29-32].

To study the recombination mechanisms, low temperature photoluminescence spectra were
recorded from CZTS thin films. Several groups observed a broad peak centering at around
1.24 eV, which was attributed to the typical donor-acceptor pair transition involving tail
states created by potentials fluctuations [33-35]. It is claimed that the presence of potential
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fluctuations indicates CZTS is strongly compensated [33]. Time-resolved PL data illustrated
that lifetime of free carriers in CZTS thin film was lower than 1 ns [36].

%l /.\. «Cu/Zn/Sn ' S

(a) (b)
chalcopyrite CIGS wurtzite CZTS

(c)
kesterite CZTS stannite CZTS

Figure 4. Crystal structures of CIGS and CZTS [13, 14].

2.3. Electrical properties

In contrast with silicon, where either atoms of phosphorus or atoms of boron are intentional-
ly introduced for producing n-type and p-type semiconductors, respectively, CZTS is self-
doped through a formation of intrinsic defects including vacancies (V¢,, Vz, Vs, and V),
antisite defects (Cuy,, Zn,, Cug, Snc,, Zng, and Sny,), and interstitial defects (Cu;, Zn;, and
Sn;). These defects could form during growth of CZTS thin film. Chen et al. systematically
studied the defect properties of CZTS using first-principle calculations [37]. It was found
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that the formation energy of acceptor defects was lower than that of donor defects, which
makes n-type doping very difficult in CZTS [37]. The commonly observed p-type conductiv-
ity of CZTS thin films comes mainly from the Cuy, antisite defect, partly explaining why
CZTS thin films must be Cu-poor and Zinc-rich to successfully fabricate CZTS solar cells.
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Figure 5. a) Typical bandgap and (b) absorption coefficients of a CZTS thin film [27].

Reported resistivity of CZTS thin films was significantly different [38-40]. The most suitable
value for CZTS thin film should range from 10°Qecm to 10"'Qecm according to published
data for CZTS solar cells [25]. The hole concentration was reported to vary from 10'%cm= to
10"%cm [41-43], although extremely high and extremely low concentration were also report-
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ed [44, 45]. Hall effect measurement results showed that hole mobility of CZTS changed
from lower than 0.1 to as high as 30 cm?eV™'es™, while most published values were in the
range of 1 to 10 cm?eV'es™ [40, 44-47]. The lower mobility indicates that the optimized
thickness of absorber layer in CZTS TFSCs cannot be as large as that for CIGS TFSCs.

3. CZTS thin film solar cell

We would like to first introduce the basic definitions which are very important parameters
when evaluating a solar cell. The solar cell can be basically taken as a battery in a simple electri-
cal circuit (Fig. 6 (a)). Without sunlight shining on solar cell, it can do nothing. However, the so-
lar cell will work as a battery if it is activated by light (Fig. 6 (b)). Electrical potential difference
will be developed between its two ends and electrical current can flow through the solar cell.
The potential difference derived when the resistance of the load is infinite is defined as open
circuit voltage, V o.. Correspondingly, the electrical current flowing in the circuit when the re-
sistance of the load is zero is defined as short circuit current, | 3. Shown in Fig. 6 (c) is a typical
I-V relationship curve of the illuminated solar cell when the load resistance changes from zero
to infinite. The delivered power by the solar cell, P, is given by

P=IxV )

The typical P-V relationship curve is also shown in Fig. 6 (c). P reaches a maximum value at
certain condition under which the solar cell will deliver the highest power to the external
load. This condition is defined as maximum power point and the maximum power is denot-
ed as P ,,. The corresponding voltage and current is denoted as V', and I ,,, respectively. An-
other important parameter to evaluate a solar cell is fill factor, FF, which is defined as

ILxV.

FF=—"—"
Iscx Ve

@

The most important parameter for a solar cell is conversion efficiency, n, which describes the
solar cell’s ability to translate solar energy into electrical energy. The conversion efficiency is
given by

n=7 3

where P | is the power of the simulated light.

Parameters such as [ ¢, V o, FF, and 1) are key performance characteristics of a solar cell. These
parameters are light-dependent and environment-dependent, which means that the values of
these parameters of a specific solar cell will change if the solar cell is illuminated with differ-
ent light intensity. Worldwide recognized characterization condition for solar cells is the
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Standard Test Condition (STC) which stipulates that a solar cell should be tested at 25°C under
Air Mass 1.5 spectrum illumination with an incident power density of 100 mW/cm?.
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Figure 6. a) Schematic basic electrical circuit, (b) schematic basic operating circuit of solar cell, (c) typical I-V curve of a
solar cell.

3.1. Basic structure and fabrication procedures

The schematic structure of CZTS solar cell is shown in Fig.7. Molybdenum thin film with
thickness of 500~700 nm is sputtering-deposited on glass substrate as back contact because
Mo is stable in harsh reactive conditions such as sulfur-containing vapor and high tempera-
ture. The absorber layer, p-type CZTS thin film with thickness ranging from 1.0 to 2.0 um is
then coated on Mo thin film. To form p-n junction with the p-type CZTS, 50~100 nm n-type
CdS thin film is deposited on the absorber layer usually by chemical bath deposition. The
surface of CZTS thin film is too rough to be fully covered by CdS thin film, leading to short-
age between front contact and back contact. To prevent leakage, 50~90 nm intrinsic ZnO (i-
ZnO) thin film is usually sputtering-coated on CdS before 500~1000 nm transparent
conducting oxide (TCO) thin film is deposited by sputtering as the front contact layer of the
cell. Finally, to electrically measure the I-V property of CZTS solar cell, Ni/Al grid is sepa-
rately deposited on both TCO and Mo layer.

3.2. Deposition techniques of CZTS thin films

The first (I),(II)(IV)(VI), solar cell was developed in 1977 by Wagner and Bridenbaugh. A n-
type CdS thin film was evaporation-coated on vapor transportation-grown Cu,CdSnS, sin-
gle crystal substrate to form the p-n junction [48]. This device showed a short-circuit current
density of 7.9 mA/cm?, an open-circuit voltage of 0.5 V, and a conversion efficiency of 1.6%.
The authors pointed out that a large series resistance limited the performance. In 1988, a het-
erojunction solar cell with an open circuit voltage of 165 mV was achieved by depositing
cadmium tin oxide on CZTS thin film [40]. In 1997, the first CZTS TFSC with efficiency of
0.66% was realized by Katagiri using electron beam deposition followed by sulfurization
[49]. The highest efficiency of 8.4% for CZTS TFSC and 6.21% for sub-module has been ach-
ieved by IBM and by Solar Frontier, respectively [36, 50].
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Figure 7. Schematic structure of typical CZTS solar cell.

Shown in Fig.8 are conversion efficiencies for CZTS solar cells obtained by different meth-
ods. Evaporation and sputtering have been intensively employed for the deposition of CZTS
thin film both because the properties of CZTS thin film are more readily controlled using
these two methods and because great success has been achieved experimentally and com-
mercially for CIGS solar cells manufactured using evaporation and sputtering.

Figure 8. Conversion efficiencies obtained for CZTS solar cells by different methods.

The highest efficiencies achieved by the specific methods shown in Fig. 8 are listed in Table
3. Many technologies have been explored for fabricating CZTS TFSCs, as discussed in detail
in the following paragraphs. Similar to the CIGS solar cells, whose highest efficiency was
obtained by evaporation deposition [75], the highest efficiency of CZTS solar cell was also
attained by evaporation deposition [36]. Conversion efficiency of 10.1% by IBM and 7.23%
by Guo et al. have been realized for Cu,ZnSn(S,Se), (CZTSSe) solar cells made using solu-
tion-based method and nanoparticle-based method, respectively [76,77]. However, both cas-
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es modified the composition of CZTS thin films through introduction of selenium, which is
a rare element in the earth crust.

Method Precursor Efficiency (%) Year Reference
Evaporation Cu, Zn,Sn, S 8.4 2011 [73]
Sputtering Cu, SnS, ZnS 6.77 2008 [59]
Electrodeposition Cu(ll) ion, Zn(Il) ion, Sn(IV) ion 7.3 2012 [74]
Sol gel-based method Copper (Il) acetate monohydrate 2.23 2011 [66]

zinc (1) acetate dehydrate
tin (1) chloride dehydrate

Pulsed laser deposition in-house fabricated CZTS pellet 3.14 2011 [69]
Spray pyrolysis not available 1.15 2011 [70]
NP-based method Copper(ll) acetylacetonate, zinc acetate, 0.23 2009 [71]

tin(ll) chloride dehydrate, elemental sulfur

Screen-printing CZTS microparticle 0.49 2010 [72]

CBD-ion exchange tin chloride dehydrate, zinc acetate dehydrate, 0.16 2011 [16]

aqueous Cu?*

Table 3. Highest efficiency achieved for CZTS solar cell by different method.

3.3.1. Evaporation

Evaporation is a well-known technique in the development of thin film solar cells. In 1997,
Katagiri et al. reported electron beam evaporation-deposited CZTS precursor films followed
by sulfurization [49]. Solar cell with an efficiency of 0.66% was obtained. In this work, Zn, Sn
and Cu layers were sequentially deposited on Mo-coated soda lime glass substrates which
were heated up to 150 °C. The targeted composition ratio was decided by the thickness of
metallic layers. Annealing at 500 °C in the atmosphere of N, + H,S (5%) was then employed
to transform Cu/Sn/Zn stacked layers into a CZTS thin film. Finally, chemical bath deposi-
tion was employed to deposit n-type CdS thin film on the p-type CZTS to form a p-n junc-
tion. As a result, the open-circuit voltage was significantly enhanced in comparison to the
previously reported value [40].

Similar deposition procedures were performed by the same group in 2001 with a replace-
ment of Zn metal source by ZnS [25]. Also, the annealing temperature was increased to 550
°C. CZTS thin films with thickness of 0.95 um, 1.34 um, and 1.63 um were deposited on Mo-
coated SLG substrates, respectively. The J-V results demonstrated that the short-circuit cur-
rent density and the fill factor of these cells drastically decreased with the increase of
thickness of CZTS thin film (Table 4). The authors concluded that the extremely high series
resistance of CZTS absorber layer was attributed to the significant degradation encountered
in the CZTS solar cells. Similar dependence of performance on the thickness of CZTS ab-
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sorber layer was demonstrated in 2010 by Wang et al. (Table 4) [56]. Capacitance-voltage
measurement results showed that the density of uncompensated charge in the CZTS layer
was to be 5x10' cm? at 27 °C, which indicates that part of the high series resistance comes
from the bulk CZTS absorber layer. Evaluation of the dependence of R , on temperature
from dark J-V curve provides insight on another potential source for the series resistance
(Fig. 9). The strong dependence indicates a back-contact blocking (Schottky) barrier exists at
the interface between CZTS and Mo, leading to the suppression of holes transporting across
the interface to Mo.

R & D group Thickness (nm) Jsc (MA/cm?) Voc(mV) FF (%) n (%)

Katagiri et al. 950 7.01 415 50.3 1.46
1340 3.41 425 26.5 0.384
1630 1.53 525 26.6 0.214

Wang et al. 650 17.8 587 65 6.81
660 204 620 52 6.63
900 183 640 38 4.40
1200 14.4 608 28 244

Table 4. Comparison of -V properties of CZTS TFSCs with different thickness of absorber layer [25, 56].
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Figure 9. The dependence of R, on temperature [56].

The large dependence of physical properties of CIGS thin film on the ratio of Cu/(In+Ga)
suggests that it is necessary to investigate the effects of Cu/(Zn+Sn) ratio on the properties of
CZTS films to further the understanding of CZTS solar cells [78]. In 2010, Tanaka et at. em-
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ployed evaporation method to fabricate CZTS samples with constant Zn/Sn and S/metal ra-
tios of 1.1 and 0.93 and with Cu/(Zn+Sn) ratio varying from 0.82 to 1.06 [79]. All samples
were determined to be kesterite structure. XRD data showed that FWHM of the diffraction
peak of (112) plane became narrower, and the I;;,/1, increased with increasing Cu/(Zn+5n)
ratio. This indicated that the increasing of Cu/(Zn+Sn) ratio helped improve the crystallinity
of CZTS films (Fig. 10 (a)). Surface SEM images of the CZTS films demonstrated that the
grain size also increased with increasing Cu/(Zn+Sn) ratio (Fig. 10 (b)), suggesting deposi-
tion process containing Cu-rich condition could be developed for growing high-quality
CZTS thin films. The champion CIGS solar cell was fabricated using three-stage co-evapora-
tion method where CIGS thin film was changed to Cu-rich in the second stage from Cu-poor
in the first stage. In the last stage, the Cu source was blocked and Ga, In, and Se were simul-
taneously deposited to restore the Cu-poor state. Similar procedures have yet to be proved
effective for CZTS solar cells.

Na incorporation into the CIGS polycrystalline thin film is a necessary process to fabricate
CIGS modules with high efficiency. The enhancement of efficiency largely comes from high-
er open-circuit voltage, improvement of fill factor, increasing of p-type conductivity as well
as improvement of crystallinity of (112)-oriented CIGS films [80-82]. Na incorporation was
performed for evaporated-CZTS solar cell by Katagiri et al. using Na,S as Na source [54]. It
was found that the efficiency was enhanced from 4.25% to 5.45%. This enhancement is main-
ly due to the increase of short-circuit current density which increased significantly from 10.3
mA/cm? to 15.5 mA/cm?. The open-circuit voltage and fill factor were slightly lower than the
CZTS solar cells without Na incorporation. While why the efficiency was improved was not
mentioned in the paper, it can be assumed that Na incorporation can improve the quality of
CZTS thin film at different mechanism compared with CIGS thin film. The effects of Na in-
corporation for improving the quality of CZTS thin film has been addressed by Jampana et
al. [83]. CZTS thin films were deposited on soda-lime glass (SLG) and low-alkaline glass
(LAG). An increase in grain size and an improvement of morphology were obviously dem-
onstrated in CZTS thin films deposited on SLG (Fig. 11 (a) and Fig. 11 (b)). However, our
experiment results indicated that no significant difference could be detected from CZTS thin
films deposited on SLG and low-alkaline glass (Fig. 11 (c) and Fig. 11 (d)). The wide varia-
tion among effects of sodium incorporation on CZTS thin films possibly partly arises from
the difference of deposition methods. The other explanation could be tracked to the lack of
precision by only changing substrate type. More experiments have to be carried out on so-
dium-free substrate by exactly controlling the doping amount of sodium before sodium in-
corporation can be effectively employed to improve the performance of CZTS PV devices.

In 2011, IBM reported a champion efficiency of 8.4% was achieved for CZTS solar cell which
was grown on Mo-coated SLG substrates by thermal evaporation using elemental Cu, Zn,
Sn, and S as sources [36]. A cracker, which can increase the reactivity of S, was applied to S
vapor. The employment of cracker probably helped improve the efficiency.
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Figure 10. a) FWHM of the (112) diffraction peak and normalized (112) diffraction intensity of CZTS films (l,,,/d) as a
function of Cu/(Zn+Sn) ratio, (b) SEM surface images of CZTS films with different Cu/(Zn+Sn) ratios [79].

Figure 11. SEM surface images of CZTS thin films deposited on different substrates: (a) LAG, (b) SLG, (c) LAG, (d) SLG.
[(@) and (b) were reported by Jampana et al. [83] (c) and (d) are results from our group].

All the reports showed that the conventional evaporation method is efficient for the devel-
opment of CZTS TFSCs. However, non-uniformity caused by splash encountered in the
evaporation of copper will significantly deteriorate the performance of CZTS module as
does in the fabrication of CIGS module (Unpublished data). The fact that the commercial
production capacity of CIGS solar modules by evaporation is far lower than that by sputter-
ing is a perfect suggestion for CZTS solar industries [84]. More stable and controllable sput-
tering method is more readily applied to mass production of CZTS solar modules.

3.3.2. Sputtering

In 1988, Ito analyzed the electrical and optical properties of CZTS thin film which was de-
posited on slide glass substrate by atom beam sputtering [40]. The deposited CZTS thin film
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was (112)-oriented and polycrystalline. The grain size increased when CZTS thin film was
deposited at higher temperature because the mobility of sputtered particles was higher on
the substrate surface (Fig. 12(a)). Its resistivity decreased from 4x10* Qecm to 1.3 Qecm with
the increase of deposition temperature (Fig. 12(b)). Hall-effect measurement estimated that
CZTS thin film had mobility lower than 0.1 cm?eV-'es! and the carrier concentration was
higher than 5x10" cm?®. This CZTS thin film was considered optically desirable for the ab-
sorber layer of solar cell because the deposited CZTS thin film had an absorption coefficient
larger than 1.2x10* cm™ and a direct bandgap of 1.45 eV.
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Figure 12. a) (112) plane spacing (m) and FWHM of the (112) peak (0) of CZTS, (b) the correlation between resistivity
(p) of CZTS and substrate temperature [40].

In 2003, Seol et al. deposited CZTS films using RF-magnetron sputtering system and quaterna-
ry CZTS target (composed of finely mixed Cu,S, ZnS and Sng2 at ratio of 2:1.5:1) followed by
annealing in the atmosphere of Ar+S (g) [85]. The effects of sputtering power and annealing
temperature on the properties of CZTS thin films were checked. It was found that the atomic
ratio of the thin films obtained between 50 W and 100 W was appropriate. However, the Cu
content of CZTS thin films was significantly decreased while the Sn content was rapidly in-
creased with a power above 100 W. The authors suggested that the plasma density caused the
abrupt changes of the Cu and Sn contents. CZTS thin films annealed at above 250 °C were (112)-
oriented and other major diffraction peaks were assigned to (200), (220), and (312) planes. As
annealing temperature increased, the intensity of the (112) peak was stronger.

In 2005, hybrid sputtering was employed by Tanaka et al. to prepare CZTS thin films [44].
The hybrid sputtering system was constructed in a deposition chamber with two effusion
cells for Zn and S and two sputtering sources for Cu and Sn. CZTS thin films were fabricat-
ed by sequential deposition of Sn, Zn, and Cu followed by annealing in S vapor. The sub-
strate temperature was varied between 300 °C and 500 °C. The film thickness decreased with
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increasing of substrate temperature. This was probably caused by the decrease of the stick-
ing coefficient and/or by the increase of density due to crystallization at high temperature.
CZTS thin films remained stoichiometric when the substrate temperature was elevated to up
to 400 °C. However, the composition of the thin films became Zn-poor at the substrate tem-
perature above 450 °‘C. At higher temperature, the vapor pressure of Zn is higher, leading to
loss of Zn. It was proposed that Zn loss at higher substrate temperature could be prevented
by using binary compound ZnS instead of Zn or by introducing S vapor during the deposi-
tion of Zn to form zinc sulfide on the surface of precursor.

CZTS precursor films are generally taken out of the deposition chamber and exposed to the
atmosphere before sulfurization is performed to grow CZTS polycrystalline thin films.
Moisture can be adsorbed on the surface of CZTS precursor films which is thereof oxidized
during annealing at high temperature. Thus, in-line sulfurization should be capable of
avoiding the problem. Jimbo et al. carried out this process with sputtered CZTS precursor
films to curb the oxidization [57]. Targets of Cu, ZnS and SnS were simultaneously sput-
tered by RF sources. The finished precursor was automatically transferred to the annealing
chamber without being exposed to atmosphere and annealed at 580 °C for 3 h in an atmos-
phere of N,+H,S (20%). Measurement data showed that annealed CZTS thin film had the
thickness of 2.5 um and bandgap of 1.45 eV. The film was copper-poor and slightly zinc-rich
and sulfur-rich (Cu/Zn+Sn: 0.87, Zn/Sn: 1.15, S/metals: 1.17). The sample had an open circuit
voltage of 662 mV, a short circuit current of 15.7 mA/cm?, a fill factor of 55%, a conversion
efficiency of 5.74%. The improved efficiency was attributed to the in-line annealing process
and better CZTS morphology achieved.

Jsc (MA/cm?) Voc (mV) FF (%)  Rs(Qecm?) Rsn (Qecm?) n (%)
Before Dl-water soaking 15.7 662 55 9.04 612 5.74
After DI-water soaking 17.9 610 62 4.25 370 6.77

Table 5. Comparison of J-V properties of CZTS solar cells treated with and without deionized-water soaking [57, 59].

In 2008, the champion efficiency for CZTS solar cell was achieved by Katagiri's group
through preferential etching technique where the CZTS absorber layer on the Mo-coated
SLG substrate was soaked in deionized water (DI-water) for 10 min before the CdS buffer
layer was grown on the CZTS absorber layer using chemical bath deposition method [59].
The comparison of |-V properties was listed in Table 5. As we can see, DI-water soaking
treatment CZTS absorber layer was very effective to improve the efficiency. The effect of the
DI-water soaking on the oxygen distribution in CZTS thin film was studied by electron
probe X-ray micro analysis (EPMA). Areas with higher concentration of oxygen are scat-
tered in the CZTS layer before the soaking treatment (Fig. 13(a)). In contrast, the concentra-
tion of oxygen in the CZTS layer after the soaking treatment is lower than the measurement
limit of the EPMA instrument (Fig. 13(b)). The authors suggested that oxygen removed was
in the form of metal oxide because metal oxide nanoparticles are easy to dissolve in water.
The removal of these metal oxide nanoparticles by DI-water is beneficial to improve the per-
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formance of CZTS solar cell. On the one hand, more sunlight will be absorbed by CZTS, re-
sulting in higher | - because free carriers will not be generated in the metal oxides as
effectively as CZTS. On the other hand, the contact area between CdS buffer layer and CZTS
absorber layer will be increased after the removal of metal oxide nanoparticles, leading to
lower series resistance of CZTS PV device.

b

Figure 13. Distributions of oxygen in the CZTS layer before (a) and after (b) DI-water soaking for 4 h (bright areas are
higher concentration areas of oxygen) [58].

As introduced above, the material properties of CZTS thin films and the performance of CZTS
TFSCs are not only highly dependent on the deposition techniques but also dependent on how
the sputtering target is made and what it is made of. The cooperation between PV device re-
searchers and sputtering target vendors has to be intensified to make full use of their respec-
tive experiences and therefore to expedite the development of CZTS PV technology.

3.3.3. Pulsed laser deposition (PLD)

So far, laser has only successfully been applied to formation of interconnection paths be-
tween individual cells in series-connected solar modules such as a-Si, CdTe, and CIGS. In
2007, Moriya et al. deposited CZTS thin films on Mo-coated soda lime glass (SLG) substrate
at room temperature using KrF excimer laser for ablating sintered CZTS pellets [68]. Anneal-
ing at 500 °C in N, was carried out for growing CZTS crystals. The CZTS TFSCs showed an
open-circuit voltage of 546 mV, a short-circuit current of 6.78 mA/cm?, a fill factor of 48%
and a conversion efficiency of 1.74%.

In 2010, Pawar et al. investigated the effect of incident energy density of laser on the structur-
al, morphological and optical properties of CZTS thin films using similar PLD method as re-
ported previously [68, 86]. Laser incident energy density was changed from 1.0 J/cm? to 3.0
J/cm? XRD results indicated that the crystallinity of the as-deposited CZTS thin films was im-
proved with the increase of laser incident density up to 2.5 J/cm?. However, the film was slight-
ly degraded when the laser energy density was further increased to 3.0 J/cm? due to the large
plasma density and high kinetic energy induced by too intense laser. SEM surface images of
the annealed CZTS thin films showed the average grain size increased, and these films be-
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came relatively more uniform as the laser incident energy was increased from 1.0 to 2.5 J/ecm?.
The bandgap decreased with the increase of laser incident energy up to 2.5 J/cm? as well.

The efficiency of CZTS solar cell fabricated by PLD was further improved to 3.14% in 2011
[69]. CZTS pellets were made from Cu,S, ZnS, and SnS, mixed powders (molar ration of
1:1:1) which were synthesized by solid state reaction method. CZTS thin films were then de-
posited by PLD method in high vacuum using the CZTS pellets as source. These films were
further annealed under N, (95%) + H,S (5%) atmosphere at 400 °C for 1 h. The best CZTS
solar cell reported in this work had a V ;¢ of 651 mV, an I 5 of 8.76 mA/cm?, and a FF of 55%.

3.3.4. Non-vacuum processes

Cost-effectiveness is the core of the development of any new technology. Total abandon-
ment of vacuum facilities in the manufacture of PV systems is the best way to further lower
the cost of PV modules. Several non-vacuum methods have been successfully employed in
the development of CZTS TFSCs.

3.3.4.1. Electrodeposition

The first CZTS solar cell deposited using electrodeposition was achieved by Scragg et al.
[41]. In this method, copper chloride, tin chloride and zinc chloride were separately dis-
solved in a mixture solution containing NaOH and sorbitol. Metal layers were potentiostati-
cally deposited at room temperature in the order Cu, Sn, Zn using a conventional 3-
electrode electrochemical cell with a platinum counter electrode and Ag/AgCl reference
electrode. The electroplated metallic films and sulfur powder were loaded into a graphite
container, which was inserted into a furnace tube. CZTS thin films were then synthesized at
550 °C by the sulfurization of the electroplated metallic films. The fabricated solar cell dem-
onstrated an efficiency of 0.8% with an open circuit voltage of 295 mV, a short circuit current
density of 8.7 mA/cm? and a fill factor of 32%.

The crystallization and sulfurization processes of the elecrodeposited CZTS precursor films
were investigated by Schurr et al. using angle-dispersive time-resolved XRD measurements
[87]. Two different types of precursor films with copper-rich and copper-poor ratios in the
as-deposited films were checked. It was found that the kesterite crystallization was complet-
ed by the solid state reaction of Cu,SnS; and ZnS in both cases. However, in-situ XRD data
showed reaction path for the formation of Cu,SnS; depended on the metal ratios in the as-
deposited films. The reaction schemes were derived from time-resolved XRD results and
shown below. The reactions can be described below.

For copper-rich samples,
2Cu,Sn +7S — 3Cu,—xS +25nS,; 4)

2CuZn +3S — Cu,_ S +27nS; ®)
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Cu,_S+5nS, — Cu,SnS;; (6)
Cu,SnS; + ZnS — Cu,ZnSnS,; 7)
For copper-poor samples,
CucSns +S — 5nS, + Cu,_ S+ Cu,Sn; (8)
2Cu,S +5nS, + 25 — Cu,SnS; )
Cu,SnS; —2Cu,_S + SnS,(melted) + 2S; (10)
Cu,_S + SnS,(melted) — Cu,SnS,; (11)
Cu,5nS; + ZnS — Cu,ZnSnS,; (12)

These reactions also indicate how the sulfurization and crystallization are completed in
CZTS precursor films deposited using vacuum-based technologies since these methods usu-
ally involve similar precursors.

In 2009, Ennaoui et al. achieved an efficiency of 3.4% using electrodeposited copper-poor
CZTS thin film as absorber layer [61]. The formation of the binary sulfides and the thereof
resulted liquid phase could contribute to the enhancement of kesterite crystal growth.

In 2012, electrodeposited CZTS solar cell with an efficiency of 7.3% was fabricated by Deli-
gianni et al. using a three-step method [74]. Firstly, metal stacks of either Cu/Zn/Sn or
Cu/Sn/Zn were electrodeposited. Secondly, low temperature annealing at 210-350 °C in N,
was employed to produce homogeneous (Cu, Zn) and (Cu, Sn) alloys. Lastly, these well-
mixed CuZn and CuSn alloys were annealed at 550 =590 °C in sulfur vapor for 5 to 15 min.
A single highly crystalline CZTS phase was achieved. This is so far the record efficiency for
electrodeposited CZTS solar devices.

3.3.4.2. Sol-gel method

CZTS precursor sol-gel was made by dissolving copper (II) acetate monohydrate, zinc (II)
acetate dehydrate and tin (II) chloride dehydrate in mixture solution of 2-methoxyethanol
(2-metho), deionized water and binder and then spin-coated on Mo-coated soda lime glass
substrates followed by drying at 300 °C on a hot plate [67]. The coating and drying process
were repeated several times. Lastly, the precursors were annealed at 500 ‘C in an atmos-
phere of N, +H,S (5%). The CdS layer was grown on CZTS thin film by the chemical bath
deposition (CBD) method. The CdS thickness was optimized by changing deposition time
from 5 to 25 minutes. It was found that sample with CdS thin film deposited for 23 minutes
showed the best conversion efficiency (J 3-=6.70 mA/cm?, V =554 mV, FF=43.4%, 11=1.61%).
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Tanaka et al. fabricated a CZTS solar cell with all semiconductor layers being coated by non-
vacuum deposition techniques [66]. The ZnO:Al window layer and the CZTS absorber layer
were deposited using sol-gel method. CdS buffer layer was coated by chemical bath deposi-
tion method. CZTS precursor thin films were coated using sol-gel solution of Cu, Zn, and
Sn ions. Sulfurization was employed at 500 “C under a mixture atmosphere of H,S and N,
with H,S concentration changing from 3% to 20%. CZTS thin film prepared with a H,S con-
centration of 3% had grains with size of 1 um. The best solar cell, which was obtained from a
sample sulfurized at a H,S concentration of 3%, demonstrated a conversion efficiency of
2.23%. This is so far the highest efficiency for sol-gel method deposited CZTS solar cells.
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Figure 14. a) SEM surface image of CZTS thin film, (b) typical J-V curve of CZTS TFSC deposited by sol-gel method [27].

We have deposited CZTS thin films by employing sol-gel method [26]. The deposited CZTS
thin film consisted of large densely packed grains with size of more than 400 nm (Fig. 14(a))
and had an optical bandgap of 1.51 eV. The compositional ratios could be optimized
through modification of the composition of CZTS sol-gel precursor and annealing processes.
An efficiency of 0.63% has been demonstrated (Fig. 14(b)). The relatively low efficiency re-
sulted from the low V ;- and FF which was caused by the cracks and penetrating pores gen-
erated during the annealing process. With this ongoing project, we have already improved
FF by 19% using ~ 450 nm thick CZTS film by controlling the deposition process, leading to
significant improvement of morphology (Fig. 15). A multiple layer deposition process suc-
cessfully blocked the penetrating pores.
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Figure 15. a) SEM surface image and (b) J-V property of CZTS TFSC with improved morphology.

3.3.4.3. Nanoparticle-based method

Hot-injection method is usually employed to synthesize CZTS nanoparticles [88, 89]. In a
typical synthesis, copper salt, zinc salt, and tin salt are dissolved in oleylamine. The mixture
solution is heated to 130 °C under inert atmosphere. The temperature is then raised to 225 °C
where mixture solution of sulfur and oleylamine is injected. The mixture is then cooled to 80
°C. Organic solvents such as toluene and isopropanol are added into the reaction mixture
where CZTS nanoparticles are collected using centrifuge. Steinhagen et al. fabricated a CZTS
PV device by dispersing CZTS nanoparticles in toluene (20 mg/mL) and spray coating the
CZTS layer on CdS/ZnO-coated indium tin oxide (ITO) glass [71]. A typical CZTS solar cell
showed an open-circuit voltage of 321 mV, a short-circuit current density of 1.95 mA/cm?, a
fill factor of 37%, and a conversion efficiency of 0.23%.

High quality CZTS nanocrystals with well controlled size, shape, and chemical composition
have been successfully synthesized [90-93]. Nevertheless, to what extent these properties
will affect CZTS TFSCs has rarely been addressed and needs to be further explored. Anneal-
ing procedure has to be applied to CZTS nanocrystals to grow polycrystalline CZTS thin
films. Cracking and material loss encountered in other methods must be prevented to ach-
ieve CZTS polycrystalline thin film with high semiconductor quality. For more details, we
recommend the recently published review paper by Lin et al. about nanoparticle-based
method for CZTS TFSCs [94].
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3.3.4.4. Screen-printing

Zhou et al. produced CZTS ink by dispersing CZTS microparticles in mixture solution of
isopropanol and ethyl cellulose [72]. CZTS thin film with thickness of about 3 pm was
screen printed on Mo-coated glass substrate and then was dried naturally. Organic materials
were removed using a hot roll at 195 ‘C. I-V measurement of a typical CZTS solar cell
showed the feasibility of this method to be used to make CZTS solar cell (J ;-=4.76 mA/cm?,
V 6c=386 mV, FF=0.27, n=0.49%). The authors speculated that the comparatively low efficien-
cy could attribute to internal deficiencies in the screen-printed CZTS solar cells, such as high
contact resistance between CZTS paste and Mo conductive layer and small amount of resid-
ual oxide in the precipitate.

Screen-printing technology has been successfully applied on Si wafer-based PV technolo-
gies, which partly contributed to rapid decrease of the price of Si wafer-based PV modules.
However, screen-printing process is widely employed to prepare the front and back metal
contacts. The p-n junction formed using screen-printing method has yet to be proved to be
successful due to non-uniformity generated in the screen-printed film and carbon-based sol-
vents employed in the preparation of paste. Considering the high sensitivity of CZTS thin
film to composition variation, it will be more difficult to achieve desirable CZTS absorber
layer using screen-printing technology.

The demonstrated performance of CZTS TFSCs by these methods is lower than those by
vacuum-based method. However, non-vacuum-based techniques such as nanoparticle-
based method and sol-gel method are promising because of simplicity and versatility associ-
ated with these methods.

4. Prospects

The efficiency of CZTS solar cell has been significantly improved since 2000. Due to know-
how gained from the research on CIGS solar module, an efficiency of 6.21% has been realiz-
ed for CZTS solar module with an aperture area of 22.6 cm? [50]. Collaboration to market
CZTS PV technology has been laid ground among semiconductor industry and photovoltaic
industry giants [95, 96]. However, a number of technical issues must be addressed and cor-
responding solutions are provided before CZTS PV technology becomes marketable.

4.1. Defect engineering

4.1.1. Defect control

Defect states in quaternary compounds such as CIGS and CZTS thin films are very compli-
cated. As introduced above, vacancies such as V,, V, Vg, and Vg, antiesite defects such as
Cuy, Zng,, Cug, Sne, Zng, and Sny, intrinsic defects such as Cu;, Zn;, and Sn; are possible
to form during deposition of CZTS thin film. The formation energy of acceptor defects was
lower than that of donor defects, which makes p-type self-doping comparably easy in CZTS.
The commonly observed p-type conductivity of CZTS thin films mainly arises from the Cuy,
antisite defect. Successfully fabricated CZTS solar cells are usually Cu-poor and Zinc-rich.
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On the one hand, the conductivity of CZTS thin film derived from intrinsic defects helps to
minimize extrinsic defects which have a high density in highly phosphor-doped Si to form
emitter which is usually called as dead region because most of photon-excited free carriers
recombine at defect states. On the other hand, the electrical properties of CZTS thin film are
extremely difficult to be precisely controlled. As far as composition concerned, the transition
region from being highly efficient to being dead is very narrow as is CIGS thin film solar
cell. Defect engineering such as Na incorporation and Sb doping have been successfully em-
ployed for CIGS thin film to extend the region and henceforth improve the efficiency. Simi-
lar experiments could benefit CZTS solar cell as well because CZTS has a lot in common
with CIGS. Most researchers have been dedicating their efforts in developing novel deposi-
tion methods for CZTS thin film. The research focus will soon be turned to defect engineer-
ing once the newly developed deposition methods gain maturity.

4.1.2. Pure CZTS phase generation and secondary phase detection

The investigation on the phase equilibrium in the Cu,S-ZnS-5nS, system showed that single-
phase CZTS crystals can only be grown in a very narrow region (Fig. 16) [97]. To form pure
CZTS phase is a challenge. Secondary phases such as ternary and quaternary compounds
are much easier to form than CZTS. Therefore, it is quite challenging to deposit CZTS thin
film without significant presence of secondary phases. Time-resolved XRD measurements
clearly illustrated that the crystallization of kesterite CZTS was completed by the solid state
reaction of Cu,SnS; and ZnS whatever the precursor was [85]. The formation of binary and
ternary secondary phases including Zn,S, Cu,S, Sn,S, and Cu,SnS, are often observed dur-
ing and after the growth of CZTS crystals.

Highly performed CZTS solar cells are slightly Zn-rich and Cu-poor. However, secondary
phases such as ZnS and Cu,5nS; are readily to be formed during thin-film growth in a Zn-
rich regime. Inhomogeneity due to the presence of these secondary phases was assumed to
contribute to the comparatively low efficiencies. Detection of secondary phases will guide
how to improve the growth method for CZTS thin film. Nevertheless, it is commonly recog-
nized that detecting secondary phases using only XRD in CZTS is not as easy as in CIGS
because kesterite CZTS shares multiple peaks with cubic ZnS and Cu,SnS; (Fig. 17). Raman
spectroscopy is often combined with XRD results to characterize CZTS thin films [30, 32].

Hartman et al. developed a technique defined as extended X-ray absorption fine structure
(EXAFS) which is sensitive to local chemical environment and able to determine the quanti-
ty of ZnS phase in CZTS films by detecting differences in the second-nearest neighbor shell
of the Zn atoms [98]. The results so far are promising. Significant differences in EXAFS spec-
tra with varying amounts of Zn and Cu in the CZTS films have been observed. Further work
is required to quantify the amount of secondary ZnS phase in EXAFS spectra and to enable
EXAFS technique to be confidently employed in characterizing CZTS thin film.
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Figure 16. Phase diagram of SnS,-Cu,S-ZnS system [97].
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Figure 17. Comparison of XRD peaks of CZTS, ZnS, and Cu,SnS;.

4.2. Bandgap engineering

Bandgap tuning has been widely and successfully employed in fabrication of CIGS TFSCs.
Techniques such as substitution of In by Ga and replacement of Se by S can precisely control
the bandgap of CIGS thin film [99-102]. The performance of CIGS TFSCs was significantly
improved not only because gradient bandgap was introduced into the absorber layer but al-
so because the conduction band offset (CBO) between buffer layer and CIGS absorber layer
was optimized through tuning the conduction band of CIGS thin film [103,105]. This pro-
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vides CZTS TFSC researchers with another powerful technology to improve the efficiency of
CZTS TESC.

Theoretical calculation and experimental results demonstrated that the bandgap of CZTS
nanocrystal could also be controlled through incorporation of Se [105]. Zhang et al. analyzed
experimentally and theoretically the effects of Se incorporation on the bandgap of CZTS
nanocrystal. It was found that band gap of CZTS nanocrystal demonstrated a parabolic na-
ture. The bandgap firstly decreased with the increase of Se/(S + Se) ratio and then increased
with the increase of Se/(S + Se) ratio when the ratio was higher than 0.55 (Fig 18). The varia-
tion range of optical band gap for CZTS nanocrystal is from 1.28 eV to 1.5 eV.
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Figure 18. The dependence of bandgap of Cu,ZnSnS,Sey .,y nanocrystals on the ratio of Se/(Se+S): (a) theoretical re-
sults, (b) experimental results [105].

The control of bandgap of CZTS nanocrystal was also realized by Agrawal et al. [106]. GeCl,
was added into the reaction solution to partly replace tin (IV) acetylacetonate dichloride.
TEM images and XRD data indicated that the Cu,ZnSn; Ge,S, (CZTGS) nanocrystals vary-
ing in size from 5 to 30 nm were successfully produced. UV-Vis results for CZTGS nanocrys-
tals indicated that the bandgap of CZTGS nanocrystals increased with the increase of Ge/(Sn
+Ge) ratio (Fig. 19). CZTGS TFSCs with comparatively high efficiency have been fabricated
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after selenization. The highest efficiency for CZTGS TFSCs was achieved from the cell with a
Ge/(Sn+Ge) ratio of 6.8% (Table 6). This efficiency is slightly lower but comparable to that of
CZTGS TFSC without Ge incorporation.

— Ge/(Ge+Sn)=0
— Gel(Ge+Sn)=0.5

— Ge/(Ge+Sn)=1.0

(Abs-hv)? (arb. Units)

1.0 1.5 2.0 2.5
Energy (eV)

Figure 19. Absorbance of CZTGS nanocrystals with different ratio of Ge/(Ge+Sn) [106].

Ge/(Ge+Sn)=0 Ge/(Ge+Sn)=0.7 Ge/(Ge+Sn)=1.0
Jsc (MA/cm?) 31.2 21.5 47
Voc (MV) 430 640 320
FF (%) 54 49 33.7
Rs (Q) 4.9 9.1 30.5
Ren (Q) 850 460 269
n (%) 7.2 6.8 0.51

Table 6. J-V properties of CZTGS TFSC with different ratio of Ge/(Ge+Sn) [106].

The widening effect of bandgap through Ge incorporation and the narrowing effect of
bandgap through Se incorporation facilitate the design of high efficiency CZTS TFSC based
on multi-junction (Fig. 20). Interfacial recombination caused by crystal mismatch will be
minimized due to the high similarity of crystal structures among these materials.

4.3. Toxic element-free

Toxic chemicals are widely and heavily consumed in the manufacturing process of PV in-
dustry. The environmental damage could be minimized if the wastes were well treated be-
cause they are usually confined in a certain area. Nevertheless, toxic elements contained in
PV modules have potential to polluting the earth because a large amount of PV modules are
required to be installed in the desert and on residential roofs to power households. Lives
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could be lost due to the emission of toxins during fire. Toxic element-free PV technologies
will be more preferred when solar electricity is selected to be main power source.

|

Top cell

Middle cell

Bottom cell

Figure 20. Proposed multi-junction CZTS solar cell.

4.3.1. Selenium-free

Selenium compounds such as hydrogen selenide are extremely toxic while selenium itself is
not highly toxic. Selenization and sulfurization are often employed to CZTS precursors to
grow high quality CZTS thin films. The efficiency of CZTS solar cell is lower than that of
CZTSSe solar cell which is incorporated with selenization (Table 7) [36]. The authors con-
cluded that the comparatively low efficiency associated with CZTS and CZTSSe solar cells
were caused by the extremely low lifetime because a typical lifetime of a high quality CIGS
device is beyond 50 ns. The differences of | ;- and V 5 were mainly due to the difference of
optical bandgap. The difference between the efficiencies of CZTS and CZTSSe PV devices
was probably from the difference of bandgap which attributed to unfavourable band align-
ments with the CdS emitter layer, leading to higher series resistance.

Thin film Solar cell
Bandgap Lifetime (ns) Jsc(MA/cm?) Vo (MV)  FF (%) n (%) Rs(Qecm?)
(eV)
CZTS 1.45 0.78 21.0 614 55.3 7.13 7.4
CZTSSe 1.17 0.50 29.5 422 60.0 7.51 1.5

Table 7. Comparison of properties of CZTS and CZTSSe TFSCs [36].

For solution-based CZTS solar cells, selenium incorporation plays an even greater role in
improving the efficiency of CZTS solar cell. Firstly, Se has higher reactivity than S. Metals in
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CZTS precursors will more readily react with Se to produce metal selenides and consequent-
ly to grow CZTSSe thin films. Phase separation in sulfurized CZTS thin film is more com-
mon than that in selenized CZTS thin film. Secondly, CZTS thin film is usually deposited at
so high a temperature that cracks are highly possible to be generated due to volume contrac-
tion caused by evaporation of metal sulfides and excess sulphur [107]. Displacement of S
with Se during selenization can prevent crack forming because the aomic radius of selenium
is larger than that of sulfur

However, knowledge achieved from fabrication of CIGS solar cell can shed light on how to
make selenium-free CZTS solar cell with high efficiency. It was reported that CIGS solar cell
showed higher efficiency when deposited under heat-cracked selenium vapor because
cracked selenium vapor is more reactive than selenium vapor without cracking treatment
which mainly consists of Sey [108]. Cracking treatment for sulfur vapor has been first em-
ployed to fabricate CZTS solar cell by IBM [36]. Treatment details were not available. It
would be a feasible method to improve the quality of CZTS thin film in that sulfur vapor is
mainly composed of Sg which has lower reactivity than S as does Seg than Se. Moreover,
CIGS solar cell with high efficiency has been successfully fabricated by ISET who synthe-
sized copper oxide, indium oxide, and gallium oxide nanoparticles as precursors [109]. Simi-
lar technology can be developed to deposit CZTS thin film. Synthesis of nanoparticles of
copper oxide, zinc oxide, and tin oxide has been widely reported in literatures. Volume con-
traction will be minimized if sulfurization is employed to CZTS precursors containing these
metal oxide nanoparticles because the atomic radius of S is larger than that of O as is Se larg-
er than S. It was found that zinc oxide was easily turned into zinc sulfide after being an-
nealed in a mixture atmosphere of hydrogen sulfide, hydrogen, and nitrogen [110]. Similar
methods have yet proved to be possible to produce copper sulfide and tin sulfide. It would
be a novel technology to fabricate selenium-free CZTS solar cell with high efficiency once
the methods are available.

4.3.2. Cadmium-free

CdS thin film is commonly incorporated in CZTS PV device as buffer layer to form p-n junc-
tion with p-type CZTS absorber layer. However, the environmental risk brought by the im-
plementation of CdS is nontrivial when CZTS PV technology is widely employed, not to
mention the marketing problem caused by legal regulations of Cd in electrical or electronic
equipment in different countries [111, 112]. Free carriers excited by photons with energy
ranging from 2.3 eV to 3.6 eV are lost in CdS thin film. The elimination or replacement of
CdS thin film has potential of increasing photocurrent generated in this energy region, and
therefore improving the cell efficiency.

So far, Cd-free CZTS solar cells have been reported by just a few groups [50, 70, 113]. The
buffer layers employed and J-V properties are summarized in Table 8. Solar Frontier has
successfully fabricated a Cd-free CZTS sub-module [50]. The Zn-based buffer layer was de-
posited by chemical bath deposition on CZTS thin film coated by sulfurization of an evapo-
rated stacking precursor. It was interesting that the efficiency of the Zn-based buffer sub-
module was higher than that of the Cd-based buffer sub-module even if the Zn-based buffer
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cell fabricated with same batch of CZTS had lower efficiency than the Cd-based buffer cell.
The authors attributed the enhancement of efficiency to the higher transparency and im-
provement of shunt resistance, resulting in higher external quantum efficiency, EQE, higher
J sc and higher V .

Buffer layer Joc(MA/cm?) Ve (mV) FF (%) n(%) Aperture area (cm?) Year Reference
ZnS 8 410 35.5 1.16 unavailable 2011 [69]
ZnS(O,H) 15.77 618 59.8 5.82 0.54 2011 [97]
Cd-free sub-module 10.30 631 30.7 2.01 21.8 2011 [49]

Table 8. J-V properties of Cd-free CZTS PV devices.

Excitingly, our tests demonstrated that the efficiency of Cd-free CIGS solar cell had been sig-
nificantly improved to be over that of Cd-based CIGS solar cell through modifying the com-
position of CIGS absorber (unpublished data). Similar results (Table 9) have also been
observed for CZTS solar cell [50]. The efficiency decreased with the decrease of the ration of
Zn to Sn for Cd-based CZTS solar cell. However, the contrary was true for Cd-free CZTS
solar cell. The champion efficiency of 5.82% for Cd-free CZTS solar cell was obtained at a
Zn/Sn ratio of 1.02. Efforts have to be focused on not only the successful deposition of Cd-
free buffer layer but also the optimization of the whole PV device [114].

Zn/Sn Power conversion efficiency (%)
Cd-based Cd-free
0.99 4.24 4.33
1.24 5.09 3.69
1.50 6.08 3.00

Table 9. Efficiencies of Cd-based and Cd-free CZTS PV devices depend on the ratio of Zn to Sn [50]

4.4. Nanostructured CZTS solar cell

Nanostructured PV devices have gained tremendous interest since the advent of dye-sensi-
tized solar cell [115-117]. Organic semiconductors have absorption coefficients as high as 10°
cm’! but exciton diffusion length as low as tens of nanometers. Nanostructure provides exci-
tons with high possibility to be dissociated before they recombine [118]. Furthermore, effi-
cient light trapping associated with nanostructure reduces the amount of deposited absorber
materials [119]. Also, nanostructures are compatible with printing PV technology based on
nanoparticles, leading to reduction of processing costs and energy pay-back time of solar cells.

Nanostructured CZTS solar cell has not been reported although ZnO nanorod coated on ITO
has been successfully applied to CIGS solar cells [120]. The efficiency was improved for
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nanostructured CIGS solar cell compared to planar one. However, the efficiencies are much
lower than those of conventional CIGS solar cells fabricated on Mo-coated glass. It was as-
sumed that organic materials contained in the CIGS precursors sprayed on ZnO nanorods
could not be totally eliminated, leading to degradation of CIGS thin film. Moreover, the an-
nealing temperature cannot be as high as that employed in the fabrication of conventional
CIGS solar cells because ITO thin film will be damaged under S or Se vapor, leading to poor-
er crystal qualities of CIGS thin film.

Therefore, we propose a nanostructured CZTS PV device based on Mo nanorods and sol-gel
derived CZTS thin film (Fig. 21). Mo thin film and Mo nanorods are sequentially deposited
on glass [Fig. 21(a)]. CZTS sol-gel precursor is then spin-coated on Mo nanorods [Fig. 21(b)].
Annealing at high temperature is employed to grow CZTS polycrystalline thin film. Lastly,
CdS, i-ZnO, and TCO are sequentially coated on CZTS polycrystalline thin film [Fig. 21(c)
and Fig. 21(d)]. The advantages of nanostructure and conventional CZTS will be integrated
in a single PV device.

~——CZTS
“Mo nanorod ' Mo nanorod
Mo Mo
i i Glass Glass
| (@ (b)
.—TCO
«—i-ZnO
«—CdS L —Cds
+——CZTS +—CZTS
Mo nanorod “Mo nanorod
Mo Mo

Glass . lGlass
(c) (d)

Figure 21. Proposed nanostructured CZTS PV device.

5. Remarks and conclusions

The tremendous progresses recently achieved on CZTS have demonstrated the potential of
fabricating high-performance and cost-effective PV devices with low environmental pollu-
tion. Both vacuum-based and non-vacuum-based methods have been successfully explored
to fabricate CZTS solar cells. Among vacuum-based methods, evaporation and sputtering
are appropriate deposition techniques in terms of efficiencies. Non-vacuum-based techni-
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ques including nanoparticle-based and sol-gel methods are also promising because of sim-
plicity. To further improve the performance of CZTS solar cells, intensive efforts should be
committed to the development of the approaches for forming pure CZTS phase and the de-
tection techniques of secondary phases formed during the deposition of the CZTS thin film.
Also, research efforts need to be focused on cadmium-free and selenium-free CZTS PV tech-
nologies. Further improvement can be expected in that know-how of CIGS PV technology
and related nanotechnology is readily transferred to the research of CZTS PV technology
due to great similarity between these two materials. A maturated CZTS PV technology is ex-
pected for the TFSC family in a near future.
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