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Abstract

The thermoelectric performances of SnS are gradually noticed because of its structure similarity to SnSe which has the
highest known thermoelectric performance. But the low electric transmission properties of SnS confines its thermoelectric
performances. In this paper, we prepared Cu-doped SnS thin films with electrodeposition method. The Cu-doping content
of the thin films were controlled by the adjustment of the electrolyte composition. The Cu doping narrowed the band gap
of the SnS thin films, so that it promoted the carrier concentration of the films. The largest carrier concentration increased
from 4.26 x 10" to 436.42 x 10'> cm™ after the Cu doping. By the additives in the electrolyte, the texture orientation and
its coefficient were successfully controlled. The texture of (040) and (200) were obtained by the addition of urea and CTAB,
respectively. The carrier mobility of the Cu-doped SnS thin films increased from 0.63 to 1.94 cm?/V s by the (200) texture.
With a sample electrodeposition method, we successfully accomplished the combination of the Cu-doping and texture control
of SnS thin films. Such a combination decreased the resistivity of the Cu-doped thin film with (200) texture from 322.53
to 24.50 Q cm, so it was an effective path to improve the electric transmission performance of SnS thin films. Our results

provide an easy method and a new view to improve the electric transmission performance of thermoelectric thin films.

1 Introduction

At present, large amount of energy is eventually wasted in
the form of residual heat. Reuse of waste heat is one of the
research hotspots of energy conservation. Thermoelectric
materials have noticeable Seebeck effect by which waste
heat can be directly converted into electricity [1]. Thermo-
electric property of materials is normally judged by ther-
moelectric figure of merit ZT= Sc*T/k, where S, o, T and k
represent the Seebeck coefficient, the electrical conductiv-
ity, the absolute temperature, and the thermal conductivity,
respectively. Zhao et al. discovered that SnSe single crystal
has ultra-low thermal conductivity along the b-axis because
of its special twisted NaCl crystal structure. The ZT value
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along b axis reached as high as 2.6 which is the highest
known value [2—4]. So single crystal SnSe is regarded as the
most hopeful thermoelectric material for commercial appli-
cation. However, single crystal SnSe is difficult to prepare
and its mechanical properties is disadvantageous for defor-
mation processing. Moreover, the high price and toxicity of
Se element are other shortcomings for commercial applica-
tion. Development of substitutional materials is another path
to solve the problems.

Tin monosulfide (SnS) is a IV-VI layered compound
which possesses the same distorted NaCl type orthorhom-
bic structure as that of SnSe [5]. So it can be supposed that
SnS should also have high thermoelectric properties. How-
ever, the experiment ZT value of pure SnS is far smaller
than applicable ones [6]. One of the reason is its low elec-
tric conductivity because of the low carrier concentration. It
is reported that the carrier concentration of thermoelectric
materials with large ZT value possess the carrier concentra-
tion range from 10" to 10?! cm™ [7, 8]. The carrier concen-
tration of SnS is only 10'° cm™ and its mobility is also low,
which cause the low electric conductivity and low ZT value
[9]. Therefore, in order to improve the thermoelectric prop-
erties of SnS, it is necessary to increase its carrier concen-
tration and mobility [10-12], so as to reduce its resistivity.
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Doping is an effective method to increase carrier concen-
tration because the doping atoms can increase the number
of carriers by accepting or supplying electrons [13]. The
band gap of the intrinsic semiconductor can be narrowed by
the donor level or the acceptor level provided by the dop-
ing atom, which facilitates the carrier excitation [14, 15].
As for the doping elements, all Cu [16], Na [17] and Ag
[18, 19] were reported for SnS. It was proved that Na dop-
ing improves the thermoelectric properties effectively [15],
but the doping process is difficult. Theoretical calculation
indicated that Ag doping can also increase the carrier con-
centration of SnS [20-22], but Ag was too expensive for
commercial application. Cu is far cheaper than Ag and was
successfully doped into SnS by magnetron sputtering to form
p-type SnS [23].

However, theoretical calculations indicated that the high-
est ZT value of SnS is only 0.6 at 750 K after p-type doping
[6]. The low ZT value might be attributed to the carrier scat-
tering occurs at the grain boundary which reduces the carrier
mobility. Such carrier scattering might be reduced at certain
preferential orientations to increase the carrier mobility and
further improve the electric conductivity. Therefore, the
preparation of the doping SnS with certain preferential ori-
entations might be an effective path to compensate its low
carrier concentration.

Compared with the preparation methods of physical vapor
deposition [24], chemical vapor deposition [25], magnetron
sputtering [23], sol—gel process [26] and thermal evaporation
[27] for doping films, electrodeposition has the characters
of simple processes and equipment requirements, low cost
and easy commercialization [28]. Furthermore, the reduction
potential of copper is close to that of Sn, so the doping of Cu
into SnS should be easy to control by electrodeposition [29].
Some additives, such as urea and cetyltrimethylammonium
bromide (CTAB) were proved facilitating the crystal growth
on certain preferential orientations during electrodeposition
[30, 31]. So the expected preferential orientations might be
controlled by the adjustment of additives in the electrolytes.

In this work, we managed to increase the carrier concen-
trations of SnS thin films by Cu doping with electrodeposi-
tion, and increase the carrier mobility by the texture control
of the thin films [32]. As a result, the electric conductivity
is promoted in order to promote the thermoelectric perfor-
mance of SnS thin films [33].

2 Experimental
2.1 Preparation of SnS thin films
In a three-electrode system, the auxiliary electrode was

a platinum plate and the reference electrode was a satu-
rated calomel electrode (SCE). The working electrode was

indium-tin oxide (ITO) covered glass with a deposition
area of 2x 2 cm?. The substrates were first cleaned with
acetone, ethanol and deionized water orderly for 20 min,
and then dried under nitrogen flow.

The electrolytic bath was consisted of 2 mM SnCl,,
10 mM Na,S,0; and 6 mM K,O,P,. In order to adjust the
texture, 0—15 mg/L urea and 0-15 mg/L CTAB were added
into the electrolyte, respectively. The pH was adjusted
around 3.0 using H,SO,. A potential of — 1.0 V (vs. SCE)
was applied, and the deposition was performed at 50 °C for
40 min. After the electrodeposition, the as-deposited thin
films were annealed at 350 °C for 0.5 h in a tube furnace
with the protection of Ar flow.

2.2 Synthesis of Cu doped SnS thin films

On the basis of the electrolyte for SnS thin films, different
amount of 5 mM CuCl, solution was added to reach the
CuCl, content of 0.00625 mM, 0.0125 mM, 0.025 mM,
0.05 mM, respectively. The pH value of the solutions was
adjusted to 2.8 with H,SO,. A potential of —1.1 V (vs.
SCE) was applied, and the deposition was still performed
at 50 °C for 40 min. To adjust the texture of the Cu doped
SnS thin films, various amounts of urea and CTAB were
added, respectively. After the electrodeposition, the as-
deposited Cu-doped SnS thin films were also annealed at
350 °C for 0.5 h under the protection of Ar flow.

2.3 Characterization of the thin films

To identify the crystal structure and the texture of the
annealed thin films, X-ray diffraction (XRD) spectra were
measured by an X-ray diffractometer (RINT 2200 V/
PC) with Cu K, radiation (41=0.15406 nm) at 40 kV and
30 mA. A scanning electron microscope (SEM, JEOL
FE-JSM-6701F, Japan) was used to observe the morphol-
ogy of the thin films. Chemical compositions of the thin
films were investigated by an energy dispersive X-ray
(EDX) analyser (Oxford INCA-Penta-FET-X3, England),
which is attached to the SEM equipment. Transmittance
spectra were recorded by a UV—Vis spectrophotometer
(ShimazuUV-2450, Japan) in the wavelength range of
350-900 nm. According to the transmittance data, optical
band gap E, of the thin films was evaluated with the Tauc
equation (ahv)? =A(hy — Ey) [34]. The electronic proper-
ties, including carrier type, concentration, and mobility
were tested by a Hall effect measurement system (Phys.
Tech. RH2030). The thin films were mechanically peeled
off the substrates with marble glue before the Hall effect
measurements.
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Table 1 EDX results of SnS thin films deposited in different CTAB
contents

CTAB content  Composition (at.%) Atomic ratio

(mg/L) Sn S Sn:S

0 49.89+2.01 50114201 1:1.00
25 49964191  50.04+191  1:1.00
5 51924168  4808+168  1:093
10 52614184  4739+184  1:0.90
15 51694101  4831+101  1:093

Table2 EDX results of SnS thin films deposited in different urea
contents

CTAB content  Composition (at.%) Atomic ratio

L

(mg/L) Sn S Sn:S
25 51.69+1.81 4831181  1:0.93
5 5098+144  4902+144  1:0.96
10 5146+135  4854+135  1:0.94
15 4898+1.12  51.02+1.12  1:1.04

3 Results and discussion
3.1 Structure analysis of SnS thin films

The composition of the SnS thin films deposited in elec-
trolytes with different additives are shown in Tables 1, 2,
respectively. It can be seen that the composition of the SnS
thin films deposited without additives is quite closed to the
stoichiometry. After the addition of CTAB or urea, the com-
position of the SnS thin films changed little, which is also
closed to the stoichiometry. Therefore the orthogonal struc-
ture of SnS might be sustained for the thin films.
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Figure 1 shows the XRD spectra of the SnS thin films
deposited in different electrolytes. All diffraction peaks
of (110), (120), (021), (111), (040), (131), (200), (141),
(002), (151), (122), (042) of orthogonal SnS (JCPDS Cards
39-0354) appear. No other diffraction peaks can be observed
except those of ITO substrate. So the structure of the thin
films is pure orthogonal SnS. Additives seems to have no
influence on the crystal structure of the thin films.

However, considering the texture of SnS thin films, dif-
ferent conclusions can be drawn. We calculated the texture
coefficients of the SnS in different crystal orientations with
the formula [35]:

Ihkl/lgkl
Ty = 1

v Zim Ik /T @
where I, represents the tested relative strength of the dif-
fraction peak of any (HKL) crystal plane, IgKL represents
the standard relative strength of the diffraction peak of the
same (HKL) crystal plane, I, represents the tested relative
strength of the diffraction peak of the considering (hkl) crys-
tal plane, ngz represents the standard relative strength of the
diffraction peak of the same (%kl) crystal plane, and n rep-
resents the total number of reflections. In our case, n=12.
And we calculated the texture coefficient of (200), (040), and
(002) crystal planes, the results are shown in Fig. 2.

Figure 2a shows that the addition of CTAB caused obvi-
ous (200) and (040) textures, and the texture coefficient
of (200) was larger than that of (040) normally. When the
CTAB content reached 10 mg/L, the texture coefficient of
(200) crystal plane reached as large as 2.32, so CTAB is an
effective additive to form the texture of a-axis. Figure 2b
shows that the addition of urea caused strong (040) texture
and weak (002) texture. When the urea content reached
10 mg/L, the texture coefficient of (040) crystal plane

(b)
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Fig.1 XRD spectra of the SnS thin films deposited in a different CTAB contents and b different urea contents
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Fig.2 Texture coefficient of the SnS thin films deposited in a different CTAB contents and b different urea contents

reached as large as 2.73, so urea is an effective additive to
form the texture of b-axis. Therefore, the texture of the SnS
thin films was successfully controlled by the adjustment of
additives.

3.2 Composition, structure and electrical properties
of Cu-doped SnS thin films

On the basis of the electrodeposition of SnS thin films, dif-
ferent contents of Cu** were added into the electrolyte dur-
ing the preparation of Cu-doped SnS thin films to adjust
the content of Cu. Other deposition parameters, such as the
contents of SnCl, and Na,S,05, deposition temperature and
time were kept unchanged. The compositions of the Cu-
doped SnS films were examined with EDX, and the results
are listed in Table 3. It can be seen that the atomic ratio
(Cu+Sn):S of the thin films at all Cu®>* contents is quite
closed to the stoichiometric ratio of 1:1. The Cu content
increased with the increase of the Cu* content of the elec-
trolyte, so it can be easily controlled by the adjustment of
the Cu* content of the electrolyte.

The SEM images of the thin films are shown in Fig. 3. It
can be seen that the SnS thin film is compact and composed
by homogeneous particles (Fig. 3a). After the Cu-doping,
the compact and homogeneous morphology kept unchanged
(Fig. 3b—e) [36]. In other words, Cu-doping did not influ-
ence the morphology of the SnS thin films. The thickness

of the Cu-doped SnS thin film with 0.62-at.% Cu was about
1.11 pm (Fig. 3f), and those of other thin films almost kept
such value. XRD analysis indicated that the crystal structure
of all Cu-doped SnS thin films kept orthogonal type. Such
composition, crystal structure and morphology of the Cu-
doped SnS thin films are advantageous for the thermoelectric
performances.

Hall test indicated that all our samples of SnS and Cu-
doped SnS are p-type semiconductor, which is in well
accordance with the existing reposts [22, 37]. The Hall test
results of the Cu-doped thin films with different Cu contents
are shown in Fig. 4. The E, results of the SnS and Cu-doped
SnS thin films are also shown in Fig. 4. It can be seen that all
the carrier concentration (Fig. 4a), carrier mobility (Fig. 4b)
and electrical resistivity (Fig. 4c) of the thin films fluctu-
ated with the change of Cu content of the films. After the
Cu-doping, the carrier concentration of all doped thin films
increased, which is in well accordance with our expectation.
The carrier concentration reached the maximum value at
the Cu content of 0.62-at.%, which supported its minimum
resistivity in spite of the minimum carrier mobility. The high
carrier concentration of the Cu doped thin films should be
caused by the narrowed band gap which is shown in Fig. 4d.
The E, of pure SnS thin film was 1.31 eV which is close
to the reported value [38, 39]. The value was narrowed to
0.97 eV after 0.62-at.% Cu-doping, which is also close to the
reported value of the E, of the Cu-doped SnS [40, 41]. The

Table 3 EDX results of

) Cu?* content (mM)
Cu-doped SnS thin films

Composition (at.%)

Atomic ratio

deposited in electrolytes with Cu Sn S (Cu+Sn):S
different Cu®* contents
0.00625 0.62+0.19 51.07+2.02 48.31+1.75 1:0.93
0.0125 0.99+0.26 50.93+1.88 48.08 +1.91 1:0.92
0.025 1.58+0.42 51.03+1.31 47.39+1.58 1:0.90
0.05 2.01+0.61 50.82+1.66 46.17+1.64 1:0.89
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Fig.3 SEM images of SnS and Cu-doped SnS thin films: a SnS with- with 1.58-at.% Cu; e Cu-doped SnS thin film with 2.01-at.% Cu; and
out Cu doping; b Cu-doped SnS thin film with 0.62-at.% Cu; ¢ Cu- f cross sectional image of Cu-doped SnS thin film with 0.62-at.% Cu
doped SnS thin film with 0.99-at.% Cu; d Cu-doped SnS thin film
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results clearly indicate that Cu doping narrowed the band
gap. The reason should be that Cu atoms provide an accep-
tor level to reduce the band gap of SnS, so that they accept
electrons easier to form holes and promote the generation
of carrier excitation. It should also be explained that the
carrier concentration decreased when the Cu content was
higher than 0.62-at.%. In fact, secondary phases other than
orthorhombic SnS might appear when Cu content was too
high [42], although they might not be observed by XRD
because of the too low amount. Cu atoms might segregate
in the secondary phases and decrease the actual Cu content
in orthorhombic SnS. The carrier concentration therefore
decreased when the Cu content increased.

It should be noticed that the resistivity of the thin films
with 0.99-at.% Cu was also quite small, because the car-
rier concentration and mobility were both large. There-
fore, the resistivity of the Cu-doped thin film could keep
small in a wide Cu content range, which is profitable for
the thermoelectric performance enhancement. The highest
carrier concentration of Cu-doped SnS thin films reached
109.87x 10" cm~ which is 25.79 times as large as that of
the SnS thin films. And the lowest resistivity is only 84 Q cm
which is only 26% of that of the SnS thin films. Therefore,
Cu-doping is a quite effective method to improve the car-
rier concentration and conductivity of SnS thin films. Such
improvements can effectively promote the thermoelectric
properties of SnS.

3.3 Texture control of Cu-doped SnS films

Considering the additives and their content in the electro-
lytes for pure SnS thin films (Fig. 1), different amount of
additives of urea or CTAB was added into the plating bath
to induce preferential growth of doped SnS thin films. The
composition of the Cu-doped SnS thin films deposited in
such conditions are shown in Table 4. It can be seen the Cu
content of the doped SnS thin films always increased with
the increase of the content of the additives. So the composi-
tion of the films should be controlled by the contents of both
Cu?* and the additives in these conditions. However, the Cu
content of the doped SnS thin films were still in a reasonable
range which could assure a high carrier concentration after
the addition of the additives.

The SEM images of the pure and Cu-doped SnS thin films
with and without additives are shown in Fig. 5. It can be seen
that all the SnS thin films were composed by particles with
different shapes. And all of the SnS thin films were homo-
geneous and compact. After the addition of the additives,
the compact and homogeneous morphology of the SnS thin
films kept unchanged. Such compact structure could assure
their good carrier transmission characters.

The XRD spectra of the Cu doped SnS thin films
with and without additives are shown in Fig. 6. All the

Table 4 EDX results of Cu-doped SnS films with and without addi-
tives

Additives Composition (at.%) Atomic ratio
Cu Sn S (Sn+Cu):S

0 0.62+0.19 51.07+2.02 48.31+1.75 1:0.93
CTAB, 0.85+0.37 51.84+1.97 47.32+1.97 1:0.90

5 mg/L
CTAB, 1.04+0.54 51.80+2.08 47.16+2.07 1:0.89

10 mg/L
Urea, 0.79+£0.20 51.39+1.25 47.83+1.26 1:0.92

5 mg/L
Urea, 1.07+0.44 52404272 46.53+1.43 1:0.87

10 mg/L

diffraction peaks corresponding well with the standard card
of orthorhombic SnS (JCPDS 39-0354) except those belong
to ITO substrate. The texture coefficients of all Cu-doped
SnS thin films with and without additives were calculated
with formula (1) and are listed in Table 5. The texture coef-
ficients of pure SnS films with and without additives are also
listed in Table 5 for comparison.

It can be seen that almost all the thin films had the tex-
ture of (200) or (040). The texture coefficient of (040) of
the SnS thin films without additives increased from 1.67 to
2.91 after Cu-doping. After the adding of urea, the texture
coefficient of (040) of the SnS thin films increased obvi-
ously. It increased from 1.67 to 2.73 for pure SnS thin films
and from 2.91 to 3.85 for the Cu-doped ones. The adding
of urea promoted the (040) growth more for the Cu-doped
SnS thin films, so the largest value of texture coefficient of
(040) reached 3.85 which was much larger than that of pure
SnS films of 2.73. After the adding of CTAB, the strong tex-
ture of both the pure and doped SnS thin films changed into
(200). On this condition, the largest value of the texture coef-
ficient of (200) of the doped SnS films of 3.93 of was still
much larger than that of pure SnS films of 2.32. All these
results indicated that the additives had stronger influence on
the preferential growth of the doped SnS films than that on
the pure SnS films. Compared with the pure SnS thin films,
the texture coefficient of the doped films can be adjusted by
additives more effectively.

3.4 Influence of texture on electrical properties

Hall test results of pure and Cu-doped SnS thin films with
different texture are shown in Table 6. As analyzed above,
the carrier concentration of the SnS thin films increased
greatly after Cu-doping. However, the carrier mobility
decreased obvious after the Cu doping simultaneously. The
orientation and coefficient of the textures of the thin films
influenced the carrier mobility obviously. For instance, the
texture coefficient of (040) of both the pure and Cu-doped
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Fig.5 SEM images of the pure and doped SnS thin films with and without additives: a pure SnS without additive; b pure SnS with CTAB; ¢
pure SnS with urea; d additive-free Cu-doped SnS; e Cu-doped SnS with CTAB; f Cu-doped SnS with urea
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Fig.6 XRD spectra of the Cu-doped SnS films with and without
additives

SnS thin films increased after the adding of urea, and their
carrier mobilities of the thin films decreased meanwhile. It
indicates that the (040) texture is disadvantageous for the
promotion of carrier mobilities of such thin films. On the

@ Springer

Table 5 Texture coefficient of pure and Cu-doped SnS thin films with
and without additives

Thin film Additive Additive Thoo Tp4 Strong texture
content
(mg/L)
SnS - - 1.00 1.67  (040)
SnS CTAB 10 232 2.14  (200)
SnS Urea 10 1.77 273  (040)
0.62%Cu-SnS - - 1.57 291  (040)
0.85%Cu-SnS CTAB 5 393 2.83 (200)
0.79%Cu-SnS Urea 5 3.16 3.85 (040)

other hand, the orientation of texture changed into (200)
after the adding of CTAB, the carrier mobilities of both the
pure and Cu-doped SnS thin films increased obviously. It
should be noticed that it increase from 0.63 to 1.94 cm?/V s
for Cu-doped SnS films (Table 6), which is an 308% incre-
ment. So the carrier mobility can be effectively adjusted by
texture control. Supported by such a carrier mobility incre-
ment, the electric resistivity of the Cu-doped SnS thin film
decreased from 83.53 to 24.50 Q cm. Compared with the
SnS thin film without Cu-doping and texture adjustment,
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Table 6 Electrical perf - . —

of pure andeccil—cdi)ppeeilr s:smtllrllf: Thin films Additive Texture T n (x10" cm™3) u (cm?/V s) p (Qcm)

films with different texture SnS - 040)  1.67 426 5.13 323.22
SnS CTAB (200) 2.32 6.12 7.44 174.21
SnS Urea (040) 2.73 12.69 0.77 700.48
0.62%Cu-SnS - (040) 291 109.87 0.63 83.53
0.85%Cu-SnS CTAB (200) 3.93 171.72 1.94 24.50
0.79%Cu-SnS Urea (040) 3.85 436.42 0.32 50.21

the resistivity of the Cu-doped thin film with (200) texture
decreased from 322.53 to 24.50 Q cm, which is a delightful
improvement.

It should be noticed that the carrier concentration of the
SnS films was obviously increased by Cu-doping through the
change of the band gap, and the carrier mobility of the thin
films was successfully increased by the adjustment of texture
through additives. Such increments effectively decreased
the electric resistivity of SnS thin films which has obvious
advantages for the enhancement of its thermoelectric per-
formance. So our results provide a new view to improve
the electric transmission performance of thermoelectric thin
films.

4 Conclusions

Cu-doped SnS films were electrodeposited by potentiostatic
methods. The Cu content of the thin films were controlled
by the adjustment of the Cu content in the electrolyte. The
doping of Cu narrowed the band gap of the SnS thin film to
cause more carriers. So the carrier concentration of the SnS
thin films can be effectively increased by the Cu-doping. The
largest carrier concentration increased from 4.26 x 10'5 to
436.42 x 10'5 cm ™ after Cu doping. By the additives in the
electrolyte, the texture orientation and its coefficient were
successfully controlled. The addition of urea could increase
the texture coefficient of (040), and the addition of CTAB
could cause (200) texture. The carrier mobility of both the
pure and Cu-doped SnS thin films had close relation to the
texture orientation and their coefficient. The carrier mobil-
ity of the Cu-doped SnS thin films increased from 0.63 to
1.94 cm?/V's by the (200) texture, so the (200) texture could
effectively increase the carrier mobility. With a sample elec-
trodeposition method, we successfully accomplished the
combination of the Cu-doping and texture control of SnS
thin films. By such a combination, the resistivity of the Cu-
doped thin film with (200) texture decreased from 322.53
to 24.50 © cm, so the combination was an effective path to
improve the electric transmission performance of SnS thin
films. Our results provide an easy method and a new view
to improve the electric transmission performance of ther-
moelectric thin films.
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