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Abstract

®

CrossMark

Near stoichiometric and Cd-poor Cu,CdSnS4 (CCTS) thin films with p-type conductivity were
prepared by magnetron sputtering and post-sulfurizing. It is found that the hole concentration
of the Cd-poor CCTS is two orders of magnitude higher than that of the near stoichiometric
CCTS while its optical bandgap is smaller than the near stoichiometric CCTS’. It is suggested
by using first-principles calculations that the dominant intrinsic defects are Cu vacancy (V¢,)
and fully passivated defect complex of 2Cucg+Sncq in the Cd-poor CCTS, but V¢, and

Cucgq in the near stoichiometric CCTS. The V¢, is responsible for the p-type conductivity

of both CCTS films, while the 2Cucy+Sncq complex for smaller bandgap and higher hole
concentration of the Cd-poor CCTS. The mechanism of effect of the intrinsic defects on the
optical and electrical properties of the CCTS is suggested in the present paper.

Keywords: CuyCdSnSy, thin film, magnetron sputtering, defect complex, first-principles

calculation

(Some figures may appear in colour only in the online journal)

1. Introduction

Thin-film solar cells will make an increasingly important
contribution to the next generation of solar devices as they
can be manufactured with highly competitive costs. The
highest photovoltaic conversion efficiency (PCE) of 20.8%
has been reported for a thin-film Cu(In,Ga)Se, (CIGS)
device [1]. However, there are concerns that the long-term
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production capacity could be hampered by price and avail-
ability of indium and gallium [2]. Thus, significant interests
have been focused on finding new sustainable materials for
solar devices. Cu,MSnXy (M = Zn, Cd; X = S, Se) are con-
sidered as candidate materials [3—6], due to that the elements
in the Cu,MSnX, are abundant in the earth. In the recent
years, a lot of research works are carried out on Cuy,ZnSnSy
(CZTS) or CupZnSn(S,Se)s (CZTSSe). Many techniques or
approaches have be used to prepare CZTS (or CZTSSe) thin
film and CZTS-based thin film solar cell successfully, and
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the maximal efficiency of the CZTS-based thin film solar cell
is 12.6% now [7]. However, some literatures reported about
Cu,CdSnS, (CCTS) or CuyCdSn(S,Se)s (CCTSSe) are few.
Pan et al successfully synthesized CCTSSe film by a solution
technique, with which CCTSSe-based solar cell with PCE of
3.1% was obtained [8]. In our previous work, a PCE of 1.2%
was obtained in a Cu,Zn 53Cd47SnS4-based solar cell [9].
Obviously, the PCE of the CCTS-based solar cell is much
lower than that of the CZTS-based solar cell, that is mainly
attributed to that the properties of the CCTS (CCTSSe) are
not better than that of CZTS (CZTSSe). So, it is necessary
to understand physical factors and related mechanisms of
affecting properties of the CCTS (CCTSSe) films, in order to
improve the PCE of the CCTS-based solar cell.

It is well known that properties of semiconductor are influ-
enced by defects. It is reported that there are many types of
intrinsic defects in CZTS (or CZTSSe), for example, antisite
defects of Cu occupied Zn site (denoted as Cuyz,) and Zn
occupied Cu (Zngy), Cu vacancies (V¢y) [10-12] and passi-
vated defect complex [Cuz,+Znc,]°. It has been demonstrated
that the V¢y, Zncy and Cug, defects determine the electrical
properties of CZTS [10, 13], while the [Cuzn+Zncy]® com-
plex can affect the electron structure [14, 15], and that the
intrinsic defects can be tuned by changing composition. Many
literatures have been reported about intrinsic defects and their
change with composition in CZTS film. The performance of
CZTS-based solar cell also is improved by optimizing compo-
sition of CZTS, which tunes spices and amount of the intrinsic
defects and so properties of the CZTS film. Therefore, it is
important to understand spices of intrinsic defects in the
absorber layer and their change with composition for improve-
ment of PCE of solar cell. However, the information about
intrinsic defects of CCTS is reported a little up to now.

In this paper, we comparatively investigated the electrical
and optical properties of the near stoichiometric and Cd-poor
CCTS thin films, and suggested intrinsic defects and influ-
ence of these defects on the properties of the CCTS by first-
principles calculations.

2. Experimental and first-principles calculations
details

The CCTS thin films were deposited on bare soda-lime glass
(SLG) substrates by radio-frequency (rf) magnetron sput-
tering CCTS targets. Finely mixed Cu,S, CdS, and SnS; pow-
ders with different molar ratios were pressed under 28 MPa
at 700 °C for 30min to form two ceramic CCTS targets and
the purity of all the powders is 99.99%. One CCTS target has
a near stoichiometric composition of Cu:Cd:Sn:S =2:1:1
:4 and the other has Cu:Cd:Sn:S =2:2:1:4 (high Cd con-
tent target). The sputtering processes were carried out using
60W rf power under 0.1 Pa working pressure with feeding
Ar gas at a flow rate of 30 SCCM (standard cubic centimetre
per minute). Before deposition, the target was pre-sputtered
for 10min to eliminate any contamination on its surface.
Substrate temperature was fixed at 500 °C. The CCTS films
produced by using the stoichiometric and high Cd content
targets were denoted as C,CTSy and C,C, TSy, respectively.

Table 1. Composition analysis of the sulfurized CCTS thin films
using EDS measurements.

Sample ID Cu (at%) Cd (at%) Sn (at%) S (at%)
C,CTS,y 23.40 9.89 13.89 52.82
C,C,TSy 23.44 12.52 13.01 51.03

After sputtering, the as-deposited CCTS thin films were put
into a rapid thermal process (RTP) furnace together with
sulfur powder and heated to 580 °C at a rapid heating rate of
5 °C. The temperature was kept 10 min and then set to cool
down naturally to room temperature.

The surface images and composition of thin films were
determined by a field emission scanning electron microscopy
(FESEM) with an energy dispersive x-ray (EDS) analyser.
Crystalline structure was analysed by x-ray diffraction (XRD)
with Cu Ko radiation of 1.5406 A. The electrical properties
were investigated by a Hall Effect system in the Van der pauw
configuration, the magnetic field scope was changed from 3 to
12 kG. Before Hall measurement, the ohmic contact of indium
electrodes was confirmed using /-V measurement. The optical
properties were measured using an UV-VIS-NIR spectropho-
tometer. All measurements were performed at room temperature.

First-principles calculations were performed using the VASP
code with the projector augmented wave (PAW) potentials [16—
19]. The calculations were performed using the hybrid func-
tional as proposed by Heyd, Scuseria, and Ernzerhof (HSE) [20,
21]. For the Cu, Cd and Sn atoms, d electrons were treated as
valence electrons. We constructed the 64-atom 2 x 2 x 1 CCTS
supercells with the kesterite structure. To simulate the CCTS
with 2Cucg+Sncq defect complex, a Cd atom was replaced by
a Sn atom and another two nearest-neighbour (NN) Cd atoms
were also replaced by two Cu atoms. The cutoff energy for the
plane-wave basis set was 500eV. In the calculations, all the
atoms were allowed to relax until the Hellmann — Feynman
forces acting on them become less than 0.01eV Al

3. Results and discussion

The chemical compositions of the sulfurized C,CTSs and
C,C,TSy thin films are listed in table 1. It is clear that the Cu,
Sn and S contents in both films are almost constant, but the
Cd content increases from 9.89 at% in the C,CTS, to 12.52
at% in the C,C,TSy, indicating that chemical ratio adjustment
for the CCTS thin films can be realized by changing the target
composition in sputtering and sulfurizing processes. The
C,CTS4 is Cd-poor, and the C,C, TS is near stoichiometric.
Figures 1(a) and (b) illustrate the x-ray diffraction (XRD)
patterns of sulfurized C,CTS4 and C,C,TS, films, respec-
tively. The XRD peaks are observed at 28.01°, 46.10°,
46.64° and 57.69° in figure 1(a), besides these peaks, a peak
at 22.48° is also detected in figure 1(b), which are closed
to the diffraction angles of (112), (220), (204), (224) and
(110) planes of CCTS with kesterite structure, respectively
[5, 6]. Some possible binary and ternary impurity phases such
as Cu, _,S, CdS and Cu,SnS; are not detected in the films
[22-25]. The enlarged (112) and (220)/(204) diffraction
peaks of figures 1(a) and (b) are shown in figures 1(c) and (d),
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Figure 1. XRD patterns of the (a) Cd-poor and (b) near stoichiometric CCTS thin films deposited on SLG substrates. And the
corresponding enlarged (c) (112), (d) (220) and (204) diffraction peaks in (a) and (b), respectively.

respectively. Comparing with the near stoichiometric CCTS
thin film (C,C,TSy), all the diffraction peaks of the Cd-poor
CCTS (C,CTSy) thin film slightly shift towards direction with
larger diffraction angle. The a- and c-axis lattice constants
were calculated based on these XRD data. The a-axis lat-
tice constant decreases from 0.558 nm of near stoichiometric
CCTS to 0.546 nm of the Cd-poor CCTS, and the c-axis lattice
constant decreases from 1.082 to 1.074nm. the lattice con-
stants of both CCTS are closed to those of kesterite CCTS
structure [26].

Figures 2(a)—(d) show the surface SEM images of the as-
deposited Cd-poor and near stoichiometric CCTS thin films
by rf magnetron sputtering process, as well as these of the cor-
responding Cd-poor and near stoichiometric thin films after
sulfurization. The insets in figures 2(a)—(d) show the corre-
sponding cross-sectional images. The thickness of the films
before and after annealing are 1.5 pym and 1.0 pm, respec-
tively. The grain sizes are above 500 nm after sulfurizing, no
pinholes or cracks were observed. Large grain sizes obtained
by a rapid sulfurizing processing can reduce the grain bounda-
ries. Figures 2(e) and (f) show the EDS spectra of both cor-
responding CCTS thin films, indicating that the thin films are
composed of Cu, Cd, Sn and S elements and there are no char-
acteristic peaks of the impurities in the CCTS thin films.

Combining with EDS analysis, we infer that the decrease
in lattice constants may be due to following two reasons: one
is increase of intrinsic defects induced by substitution of ion
with smaller radius for ion with larger radius or generation
of vacancies when the composition deviates from standard
stoichiometric ratio, and the other is compressive strain [27],
which usually make the optical bandgap of the film increase.

However, it is found from the optical absorption spectra shown
in figure 3 that the optical bandgap of the Cd-poor CCTS film
does not increase but significantly decreases compared to that
of the near stoichiometric CCTS, indicating that the decrease
in lattice constants do not arise from the compressive stain but
intrinsic defects. Furthermore, these intrinsic defects should
be associated with the Cd-poor content in the C,CTSy film.

The electrical properties of the sulfurized CCTS thin films
were measured using the Hall Effect measurement system.
Both the films exhibit p-type conductivity, and their car-
rier concentration, hall mobility and resistivity are listed in
table 2. It is found that the Cd-poor CCTS film has a hole
concentration of ~10'® cm ™3, two orders of magnitude higher
than that of the near stoichiometric CCTS. It is well known
that increase in hole concentration is attributed to increase in
population of acceptor and/or decrease in transition energy of
acceptor. Now the questions are as follows: (i) which kinds of
acceptor defects contribute to p-type conductivity of the both
CCTS films? (ii) How the population of the acceptor defect
changes with the composition? And (iii) what factor results
in decrease of transition energy. However, these questions are
still not clear up to now.

In order to understand species of intrinsic defects and their
effects on the properties of the CCTS, investigation about
intrinsic defects and their effects on electronic structure was
carried out based on first-principles calculations for the CCTS.
As mentioned above, the both CCTS films show p-type conduc-
tivity, so they should have acceptor defects induced by substitu-
tion of Cu for Cd (Cugq) and/or Cu vacancy (V¢,), similar to
CZTS, which is also p-type conductive, and its p-type conduc-
tivity is due to acceptor defects induced by substitution of Cu



J. Phys. D: Appl. Phys. 48 (2015) 445105

L Meng et al

Cu Cu
Cdsn Cd Sn
Sn cu Sn Cu
A Cu A Cu
0 2 4 6 8 100 2 4 6 8 10

Energy (keV)

Energy (keV)

Figure 2. Surface SEM images of the as-deposited (a) Cd-poor and (b) near stoichiometric CCTS thin films by rf magnetron sputtering
process, and those of the corresponding (c) Cd-poor and (d) near stoichiometric thin films after sulfurization. The EDS spectra of the
sulfurized thin films (c) and (d) are shown in (e) and (f), respectively. The insets in (a)—(d) show the corresponding cross-sectional images.

for Zn site (Cugz,) and Cu vacancy (V) [14, 28-31]. In fact,
since CCTS has similar crystalline and electronic structure to
CZTS, it is reasonable to deduce that they may have similar
intrinsic acceptor defects, such as Cucg and V. In addition, as
shown in table 1, the atomic ratio of Cd in the Cd-poor CCTS
(9.89 at%) is much lower than that in standard stoichiometric
CCTS (12.50 at%), while atomic ratio of Sn (13.89 at%) in the
Cd-poor CCTS is higher than that (12.50 at%) in standard stoi-
chiometric CCTS, so it is deduced that a Sn atom may occupy
Cd site to form a donor defect (Sncq), which may also bind with
Cucq acceptor defect to form an passivated defect complex,
such as 2Cucq + Sncg, due to coulomb interaction between
donor and acceptor [32]. Based on above analysis, it is con-
cluded that the intrinsic defects may include V¢y, Cucg, Sncg
and/or 2Cucq + Sncg complex in the Cd-poor CCTS.

In order to determined intrinsic defects in the Cd-poor
CCTS, we first checked the stability of the 2Cucq + Sncq
complex in CCTS. The binding energy of this complex can
be expressed as

Ey = Eio((2Cucq+Sncg) + 2E(CCTS) — E(Sncg)
— 2E1o(Cucy). ey

where Ey is the total energy of the supercell system [33, 34].
A negative E}, indicates that the two defects tend to bind each
other to form the complex. The calculated binding energy Ej
for the 2Cucg+Sncq complex is 0.43¢eV, indicating that the
complex is stable with respect to the isolated Cucy and Sncqg
defects, that is, the Cucq and Sncy defects exist in a form
of 2Cucy+Sngq complex in the Cd-poor CCTS. However,
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Figure 3. Optical absorption spectra of the Cd-poor and near
stoichiometric CCTS thin films.

Table 2. Electrical properties of the sulfurized CCTS thin films.

Sample  Resistivity Carrier Hall mobility

1D (2 cm) density(cm™) (cm?V~!s7h Type
C,CTS; 6.5 1.1x 10" 7.8 x 107! P
C,CTS, 2.9 x 102 3.5 x 10'6 1.7 P

2Cucq+Sncg complex is charge-neutral and cannot contribute
to hole concentration, so p-type conduction of the Cd-poor
CCTS comes from contribution of the V¢, acceptor. Based on
the calculation and experimental results mentioned above, it
is concluded that V¢, and 2Cucq+Sncg complex are dominant
intrinsic defects in the Cd-poor CCTS. Since Cd content is
12.52 at%, near atomic ratio of Cd in CCTS with standard stoi-
chiometric ratio, it is hard to form Sncy defect. So the intrinsic
defects should be V¢, and Cucq in the near stoichiometric
CCTS, as the same as CZTS with stoichiometric ratio.

Since Cd content in the Cd-poor CCTS is much lower than
that in near stomchiometric CCTS, Cucq and Sncgq form much
easier in the Cd-poor CCTS than in the near stoichiometric
CCTS, resulting in that the amount of 2Cucg+Sncy defects
in the Cd-poor CCTS should be larger than the amount of
Cucgq in the near stoichiometric CCTS. Owing to those radii of
both Cu'* (0.077nm) and Sn** (0.069 nm) cations are smaller
than that of Cd** (0.095nm) cation, decrease in lattice con-
stants induced by a 2Cucg + Sncg complex is larger than that
induced by a Cugq. Therefore, the lattice constants of a and
¢ of the Cd-poor CCTS is smaller than that of the near stoi-
chiometric CCTS, in agreement with XRD results shown in
figure 1, confirming that the conclusions about the intrinsic
defects in Cd-poor and near stoichiometric CCTS suggested
by the first-principles calculations are correct. In addition,
since the amount of Cugq defects in the Cd-poor CCTS is
larger than that of Cucgy in the near stoichiometric CCTS and
Cu content is almost equal in both film, this result implies that
the population of V¢, in Cd-poor CCTS is larger than that in
near stochiometric CCTS.

To well understand the observed bandgap narrowing of
the Cd-poor CCTS film, we calculated the optical absorption

| Perfect CCTS
—— CCTS with 2Cu_+Sn_, complex

Absorption (a.u.)

Absorption (a.u.)

00 05 10 15 25 3.0
| [/J Energy (eV)
1 L i L i L " 1 i L i L i 1 i

0 2 4 6 8 10 12 14 16 18 20
Energy (eV)

Figure 4. Calculated absorption spectra of the CCTS supercells
with perfect structure and 2Cucg+Sncg complex. The inset shows
an enlarged region near the band-edge of CCTS.

—— perfect CCTS
—— CCTS with
2Cu.,+Sn,, complex

VBM

states/eV

Complex band

L 1 1 1 1 1 L 1 " 1 L 1 L i
7 6 5 4 3 2 1 0 1 2 3 4
Energy (eV)

Figure 5. Total DOS of the CCTS supercells with perfect structure
and 2Cucq+Sncyg complex. The VBM is set to zero as energy
reference.

spectra of the CCTS with perfect kesterite structure and
2Cucg+Sngq complex, as shown in figure 4. The inset of
figure 4 shows an enlarged region near the band-edge of
CCTS. The calculated absorption edge for the CCTS with
2Cucg+Sncq complex shows a significant red shift, com-
pared to CCTS with perfect structure, consistent with the
experimental results. Figure 5 shows the total density of state
(DOS) of the CCTS without and with 2Cucg+Sncq complex.
The valence-band maximum (VBM) is set as zero reference.
Comparing with the perfect CCTS, the complex generates
an additional fully occupied band above the VBM, resulting
in increase in the level of the VBM. The electron transition
will occur between conduction-band minimum (CBM) and
the 2Cucg+Sncyg occupied band as the photon with suitable
energy is absorbed, leading to decrease in the optical bandgap
measured.

It is speculated that the fully compensated band induced
by 2Cucq+Sncg complex above VBM decreases equivalently
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the transition energy of acceptor. To verify our speculation,
we also calculated the transition energy &(0/—) of V¢, in
the CCTS supercell with perfect structure and 2Cucq+Sncq
complex. Using the hybrid functional method, the calculated
e(0/—) of the V¢, in the CCTS without and with 2Cucg+Sncq
complex is 0.22 and 0.09eV, respectively. The transition
energy of the V¢, significantly decreases as the 2Cucq+Sncq
complex is induced into the CCTS.

Based on discussed above, it is concluded that p-type con-
ductivity of the CCTS comes mainly from contribution of V¢,
and the high hole concentration in the Cd-poor CCTS film is
attributed to high population and low transition energy of V¢y.

4. Conclusions

In summary, we prepared p-type the near stoichiometric and
Cd-poor CCTS thin films with kesterite structure and investi-
gated their structural, electrical and optical properties. With
respect to the near stoichiometric CCTS film, the Cd-poor
CCTS film shows smaller lattice constants, a higher hole
concentration and the smaller bandgap. First-principles cal-
culations suggest that the dominant intrinsic defects are V¢,
and 2Cucg+Sncg complex in the Cd-poor CCTS, but V¢, and
Cugq in the near stoichiometric CCTS. The V¢, is responsible
for the p-type conductivity of both CCTS thin films, while
the 2Cucq+Sncq complex for smaller bandgap and higher hole
concentration of the Cd-poor CCTS, due to that the complex,
on one hand, can increase the population of the V¢, on the
other hand, can improve the level of the VBM and decrease
transition energy of the V¢, by generating an additional fully
occupied band above the VBM. The improvement in the level
of the VBM make the bandgap decrease, while decrease in the
transition energy and increase in the population of V¢, result
in increase in hole concentration.
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