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SnSe is considered to be a promising thermoelectric material due to a high Z7T value and abundant and non-toxic
composition elements. However, the thermal stability is an important issue for commercial application. In particular,
thermoelectric materials are in the high temperature for a long time due to the working condition. The present work
investigates the thermal stability and oxidation resistance of single crystal SnSe thermoelectric materials. The scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) results show that the internal of SnSe crystal
is not easily oxidized, while the x-ray photoelectron spectroscopy (XPS) results indicate that the surface of SnSe is slight
oxidized to SnO,. Even if the surface is oxidized, the SnSe crystal still exhibits stable thermoelectric properties. Meanwhile,
the crystallization quality of SnSe samples can be improved after the appropriate heat treatment in the air, which is in favor
of the carrier mobility and can improve the electrical conduction properties of SnSe. Moreover, the decrease of defect
density after heat treatment can further improve the Seebeck coefficient and electrical transport properties of SnSe. The
density functional theory (DFT) calculation verifies the important role of defect on the electrical conductivity and electron
configuration. In summary, appropriate temperature annealing is an effective way to improve the transmission properties of

SnSe single crystal thermoelectric materials.

Keywords: SnSe, thermal stability, annealing, electrical transport properties, density functional theory

PACS: 81.05.Hd,72.20.Pa, 81.40.Ef, 31.15.es

1. Introduction

Thermoelectric devices can directly convert heat energy
into electric energy, which provides an alternative method to
replace fossil energy. The conversion efficiency of thermo-
electric devices mainly depends on the properties of thermo-
electric materials. The thermoelectric property of thermoelec-
tric materials is determined by the dimensionless figure of
merit, ZT = (a’c/x)T, where «, o, k, and T are the See-
beck coefficient, electrical conductivity, thermal conductivity,
and absolute temperature, respectively.!'~7 According to the
Pisarenko relations, Seebeck coefficient ¢ can be given by

82k w23
R T(%) ’ M)

where kg is the Boltzmann constant, e is the electron charge,

h is the Plank constant, and m* is the effective mass of
carriers.[8! Some studies have suggested that the threshold of
commercial application of thermoelectric materials is that the
ZT value is above 3.1 In recent years, a large number of stud-
ies have been carried out to improve the ZT value of thermo-
electric materials.[1%-13]

SnSe is a potential thermoelectric material that has
increasingly attracted attention due to its high ZT value

and the abundant and non-toxic composition elements.[!o-18]
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As shown in Fig. 1(a), low-temperature phase single crys-
tal SnSe has an anisotropic layered orthorhombic crystal
structure. 211 The two atom-thick SnSe slabs are strongly
corrugated, creating a zig-zag folded accordion-like projection
along the b-axis, which decides their extraordinary electronic
structures. As shown in Figs. 1(b)-1(d), there is a heavy-
mass band along YT direction, which is expected to give a
high Seebeck coefficient.[?”) Meanwhile, SnSe maintains an
ultralow thermal conductivity owing to the strong anharmonic
bonding.!>*3% The ZT value of single crystal SnSe can reach
2.6 at 923 K, which makes SnSe a popular research topic

in thermoelectric materials. 12

| However, many problems still
need to be studied to realize wide application of SnSe. For
example, the phase transition from Pnma to Cmcm is required
to obtain the high ZT value of 2.6 for single crystal SnSe ther-

31.321 Moreover, thermal stability is an

moelectric materials. !
important parameter for commercial application. Especially,
materials are easily oxidized under the high temperature con-
ditions of the thermoelectric materials process. Besides, the
thermoelectric properties of SnSe at moderate and low tem-
perature scales need to be further improved. >3] Many studies
have been devoted to improving the thermoelectric properties
of SnSe at moderate and low temperatures.>**% For exam-

ple, the ZT value of Na-doped SnSe can be as high as 2.0 and
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Bi-doped SnSe reached 2.2.*!! Chang et al.1*? synthesized
n-type Br-doped polycrystalline SnSe with high ZT value of
~ 1.2 at 773 K; Peng et al.!*3] reported that the average ZT
value is higher than 1.17 along the crystallographic b-axis of
Na-doped SnSe, with the maximum ZT reaching a value of
2 at 800 K; Zhang et al.'**! induced strain into SnSe by pres-
suring and ZT values of p-type along the b and ¢ directions can
reach as high as 2.5 and 1.7 at 6 GPa and 700 K, respectively.
As a promising thermoelectric material, SnSe not only needs
to have a high ZT value but should also have good thermal
stability and oxidation resistance. Zhang et al.[*) studied the
oxidation resistance of single crystal SnSe. It was found that
the second amorphous Snj_,Se alloy layer appeared in the thin
amorphous oxide layer (mainly a-SnO,) after long exposure to
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air at room temperature. Their results show that the amorphous
alloy Sn;_,Se is a metastable phase, which will decompose
and even evolve into the crystalline SnSe and SnSe,. Thermo-
electric materials often work in moderate and high tempera-
ture environments, and temperature has practical significance
in the study of thermoelectric stability. In the previous studies,
Li et al.'*®! paid attention to the oxidation resistance of Cmcm
phase SnSe at high temperature and found that SnSe is prone
to oxidation at high temperature. However, the thermal stabil-
ity of single crystal Pnma phase SnSe and the effect of oxygen
on its thermoelectric properties have not been reported. There-
fore, this paper focuses on the thermal stability of Pnma phase
SnSe and the effect of oxidation on its thermoelectric proper-

ties.
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Fig. 1. (color online) (a) Crystal structure of the low-temperature Pnma phase of SnSe. (b) The electronic localization function (ELF)
contour maps of SnSe. (c) The band structure of SnSe. (d) The DOS and PDOS of SnSe.

To explore whether the thermal stability and oxidation
resistance of SnSe thermoelectric materials meet the require-
ments of practical application, it is necessary to carry out re-
search on this issue. In this paper, single crystal SnSe thermo-
electric material was prepared by Sn self-flux method. Subse-
quently, the prepared SnSe single crystal samples were heated
continuously and repeatedly in air. The crystal structure, el-
ementary composition, and electrical transport characteristics
of heated SnSe were characterized. The results of each heated

sample were compared and analyzed to explore the effect of

heat treatment and oxidation on the thermoelectric properties
of single crystal SnSe thermoelectric materials.

2. Experiment

High-purity elements Sn (99.999% ingot) and Se (99.99%
powder) were weighed in accordance with their atomic ratios
as Sn:Se = 4.5. Subsequently, the mixture was sealed in a vac-
uum quartz tube and heated in a rate 180 K/h ramp to 1173 K,
incubated at this temperature for 10 h, then cooled down to
1023 K in 15 min and warmed up to 1123 K in 5 min. Af-
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ter 1 h of incubation, the sample was slowly cooled down to
773 K over 80 h. At this temperature, the single crystals were
separated from the molten Sn flux by the centrifuge. For easy
measurement, we cut and polished the sample into the shape
shown in Fig. 2(b) and named it S1.

Powder x-ray diffraction (XRD) with Cu K« radiation
(Ultima IV) was used to analyze the crystal structures of
S1. The lattice structure of S1 was observed through high-
resolution transmission electron microscope (TEM). The sur-
face morphologies were observed by scanning electron micro-
scope (SEM). After polishing the sample (removing the sur-
face layer), the inner chemical components of the sample were
obtained by energy dispersive spectroscopy (EDS) test. To de-
termine the chemical state of the sample, x-ray photoelectron
spectroscopy (XPS) was performed. Electrical conductivity
o and Seebeck coefficient o@ were measured in the tempera-
ture range of 300-690 K in vacuum. Electrical conductivity o
was measured by a direct current (DC) four-probe method, and
the DC current was kept at 20 mA. Seebeck coefficient & was
measured by a comparative method, and constant (Ni: 40%)
was used as a reference sample, of which ¢ in the measured
temperature range is known. Hall coefficients (Ry) were mea-
sured by a Hall system (Nanometrics HL5500 Hall System)
at room temperature (RT) in a magnetic field of 0.75 T. Af-
ter those characterizations, S1 was subjected to the first heat-
treatment at 523 K and the second heat-treatment at 573 K for
24 h each time. The samples were named S2 and S3 respec-
tively after the two heat-treatments. The Seebeck coefficient,
conductivity, elemental composition, Hall coefficient, and lat-
tice structure were all characterized by the same method as S1.
The characterization results of each heating sample were com-
pared to explore the effect of long time heat-treatment on the
electrical transport characteristics of SnSe thermoelectric ma-
terials and to study the thermal stability of SnSe thermoelectric
materials.

Density functional theory (DFT) -calculations were
performed with the Vienna ab-initio simulation package
(VASP).[*748] The interaction between the core ion and va-
lence electron was described by the projector augmented wave
method (PAW).!*)) The exchange correlation part was de-
scribed with the spin-polarized generalized gradient approx-
imations (GGA) in the scheme of Perdew, Burke, and Ernz-
erhof (PBE).[’%>11 An energy cutoff of 500 eV was used with
Monkhorst k-points®% sampling scheme (2 x 5x5) for geom-
etry optimization, while a larger grid 4 x 10 x 10 was used for
electronic structure computation. Conjugated gradient method
was used to the geometry optimization and all the atomic co-
ordinates were fully relaxed until the maximal force on each
atom was less than 0.02 eV/A, and the convergence condition
for energy was 107# eV.

3. Results and discussion

To investigate the effects of high temperature and oxy-
gen on single crystal SnSe heated in air, the surface morphol-
ogy and elemental composition of SnSe before and after an-
nealing were investigated by XRD and SEM equipped EDS.
Figure 2(a) shows the XRD of the SnSe samples heated in
air. All of the diffraction peaks of the prepared single crys-
tal SnSe sample can be indexed by orthorhombic SnSe phase
(space group Pnma, JCPDS: 48-1224), no other phases are ob-
served within the detection limits of the measurements. After
repeated heat-treatment for a long time, the diffraction peak
angle of the samples remains the same and the relative diffrac-
tion intensity increases, which suggest that SnSe single crys-
tals have good thermal stabilities. The enhancement of XRD
diffraction peak intensity indicates that heat-treatment may
help to improve the crystallization quality of SnSe. To fur-
ther verify this conjecture, TEM was used to observe the lat-
tice structure of S1 and S3. Figures 2(e) and 2(f) present the
TEM images of S1 and S3. From S1 to S3, the lattice struc-
ture of the sample becomes neater and the number of disloca-
tions decreases, which show that heat-treatment can improve
the crystallization quality of SnSe. The improvement of crys-
tal quality may be due to the annealing effect of 523573 K
heat-treatment.
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Fig. 2. (color online) (a) Powder x-ray diffraction patterns for all samples.
(b) As grown and polished single crystal of SnSe. (c), (d) The SEM images
of S1 and S3. (e), (f) The TEM images of S1 and S3. (g), (h) The EDS
spectra of S1 and S3.
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Figures 2(c) and 2(d) show the surface morphology im-
ages of S1 and S3, respectively. It can be seen from the
SEM images that the surface morphology of the samples has
not changed obviously before and after heat-treatment. EDS
spectra of the sample after two heat-treatments are showed in
Figs. 2(g) and 2(h). The percentage of the polished sample
components measured by EDS is shown in Table 1. After two
aerobic heat-treatments, there is no oxygen diffraction peak
in the EDS spectra, indicating that internal of the SnSe crys-
tal is not easy to be oxidized. The x-ray photoelectron spec-
troscopy (XPS) was performed to investigate the surface state
after heat-treatments. The XPS spectrum in Fig. 3(a) shows
the presence of Sn, Se, and O, confirming the presence of O.
The Sn 3d3 ), and Sn 3ds , orbital peaks for SnSe are observed
at 494.0 eV and 485.6 eV, respectively. Meanwhile, the peaks
also appear at slightly higher binding energies of 494.9 eV
and 486.6 eV, which correspond to SnO,. Thus, part SnSe is
oxidized to SnO,. Quantifying the peaks suggests the com-
position of SnO;: SnSe of 1:2, indicating that a small part of
surface SnSe is oxidized and the oxidation is not serious.
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Fig. 3. (color online) (a) XPS spectrum of SnSe, (b) high-resolution
scan for Sn.

Figure 4(a) shows the differential thermal analysis (DTA)
of the prepared SnSe single crystal (S1). It can be seen from
the diagram that the mass decay of SnSe is very small during

the heating process, except for the melting peak of Sn that re-
mains on the surface of the sample in a small amount at 505 K
and the phase transition peak of SnSe from Pnma phase to
Cmcm phase at 803 K, no miscellaneous peaks appear.
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Fig. 4. (color online) (a) The DTA of S1 and (b) Seebeck coefficient ¢,

(c) electrical conductivity o, (d) power factor PF as functions of the temper-
ature for all samples along the ¢ axis.
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After each annealing in the air atmosphere, the Seebeck
coefficient and the electrical conductivity of the sample were
measured. The measured results and the calculated power fac-
tors are shown in Fig. 4. By comparing the results of each
test, we investigated the effect of annealing on the electri-
cal transmission properties of SnSe single crystal thermoelec-
tric materials. Figure 4(b) shows the temperature dependence
of Seebeck coefficient for the prepared SnSe sample without
heat-treatment and after each heat-treatment in aerobic envi-
ronment. The Seebeck coefficient of the sample without heat-
treatment is the lowest, about 476 wV/K at room temperature
and 620 pV/K at 450 K. After the first heat-treatment at 523 K,
the Seebeck coefficient is slightly increased to 482 pV/K at
room temperature. As the temperature is increased to 570 K,
the Seebeck coefficient grows to 616 nV/K, and it is higher
than that of the sample without heat-treatment. After the sec-
ond heat-treatment at 573 K, the Seebeck coefficient is fur-
ther increased to 511 uV/K at room temperature, and the
maximum value is 653 pnV/K at 585 K. Figure 4(c) shows
the temperature dependence of electrical conductivity for the
as-grown and the heat treatment samples in aerobic environ-
ment. It can be seen from the diagram that before 580 K, the
electrical conductivity of all samples decreases with the in-
crease of temperature, and increases gradually after this tem-
perature. By comparing the electrical conductivity of each
heat-treatment sample, it is found that heating treatment can
significantly enhance the electrical conductivity of SnSe. In
particular, the first heat-treatment at 523 K increases the elec-
trical conductivity of the samples by 53% (from 3.75 S/cm
to 5.73 S/cm at room temperature). However, after the sec-
ond heat-treatment at 573 K, the electrical conductivity of
the sample decreases obviously, and the electrical conduc-

The relation be-
2

tivity is 4.38 S/cm at room temperature.
tween the power factor calculated from PF = o“c and tem-
perature is shown in Fig. 4(d). The first heat-treatment of
SnSe increases its power factor from 0.83 uW-cm~'-K~2 to
1.33 uW-cm~!-K~2 at room temperature and its maximum
value is close to 1.35 uW-cm™'- K2 at 315 K. After the sec-
ond heat-treatment, the power factor at room temperature de-
creases to 1.15 uW-cm~!-K~2 due to the decrease of the elec-
trical conductivity of the sample, and the maximum value ap-
pears at 315 K, which is 1.17 pW-cm~ - K2

To explore this phenomenon, Hall coefficient Ry was
As shown in Table 1, the

Hall coefficients of the samples before and after heat-treatment

measured at room temperature.

are all positive, and the heat-treatment has a significant ef-
fect on the Hall coefficients of the samples. The Hall co-
efficient of the sample increases from 1.5 x 107> m3/C to
2.6 x 107 m>3/C. Based on the results of Hall coefficient
and electrical conductivity measurements, we calculated the
carrier concentration and mobility at room temperature by
Uy = |Ry|o and n = o/epy for the heat-treatment samples.
As shown in Table 1, the carrier concentration of the pris-
tine sample is the highest (4.2 x 10'7 cm™>) but its mobility
is extremely low (56.2 cm?/V-s). After the first annealing,
the carrier concentration of the sample decreases by 16.7% to
3.5 x 10'7 cm™3, while the carrier mobility increases signifi-
cantly to 119.5 cm?/Vs. After the second annealing, the car-
rier concentration decreases to 2.4 x 10'7 cm™3 and the carrier
mobility increases to 120.4 cm?/V-s. From these results, it can
be seen that annealing helps to improve the electrical transport
characteristics of SnSe.

The reasons for the enhancement in electrical transport
properties of the heat-treatment sample can be explained as
follows. First, many defects exist in the as-grown SnSe crys-
tal, which result in the high carrier concentration and the ex-
tremely low mobility of S1, and consequently the poor electri-
cal conductivity. Second, after the first annealing, the number
of defects in the SnSe crystal is reduced and the lattice struc-
ture is more complete, which lead to the increase of carrier
mobility while the carrier concentration decreases. The contri-
bution to the electrical conductivity due to the increased carrier
mobility exceeds that due to the decreased carrier concentra-
tion, so the electrical conductivity of S2 is higher than that of
S1. Third, in the second annealing treatment, attribute to the
recrystallizing of SnSe, the elemental composition of the sam-
ple is closer to the stoichiometric ratio, as shown in Table 1,
which makes the carrier concentration decrease further. Com-
paring with the as-grown sample, the improved crystallization
quality reduces the carrier recombination and increases the
carrier mobility, so the electrical conductivity is slightly im-
proved.

According to formula (1), we can see that the high carrier
concentration is not conducive to improving the Seebeck co-
efficient of thermoelectric materials. Annealing improves the
crystal quality by reducing the number of defects in the SnSe
crystal and improves the carrier mobility of the sample while
reducing the carrier concentration. At the same time, the See-
beck coefficient of SnSe is also increased with the decrease of
the carrier concentration.

Table 1. Crystal compositions (EDS), Hall coefficient Ry, carrier mobility iy, carrier density n, and electrical conductivity

o at room temperature for all samples.

Element compositions

Sample 5% Se%  SmSe Ru/107° m3.C!  py/em?V-ls ! N/10Y7em™  o/S-em”!

Pristine 53.6 464 1.15 1.5 56.2 42 3.8
Heated once  53.1 469 1.13 1.8 119.5 3.5 6.7
Heated twice 52.7 47.3  1.10 2.6 120.4 2.4 4.6
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To reveal the effect of vacancy on the electrical conduc-
tivity of SnSe, we calculated the density of states of SnSe with
different vacancies by density functional theory.>3 The types
of vacancies in the samples are not clear and, therefore, the
densities of states of Sn vacancy (Vs,) and Se vacancy (Vse) in
the SnSe crystal were calculated. The total density of states
and partial density of states of pristine SnSe, Vs, and Vs, are
shown in Fig. 5. The pristine SnSe shows semiconductor prop-
erty with a band gap of 0.65 eV. For Vs, some impurity peaks
are introduced near the valence-band maximum (VBM), in-
dicating a p-type doping and resulting in the improvement of
electrical conductivity. Vs, does not change the overall DOS
except for the upshift of the valence band, reducing the band
gap, which is conducive to the electrical conductivity. Com-
bined with the experimental results, it can be inferred that there
may be a large number of Vs, in the as-grown SnSe sample,
and an annealing treatment can effectively reduce the concen-
tration of Vse. For Vs, a small narrow peak appears around the
VBM, which is mainly contributed by Sn-5p states. For the Sn
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vacancy, the DOS near the valance band is mainly contributed
by Se-4p states. Meanwhile, Sn-5p states play an important
role in the states near the conduction band minimum. Fig-
ure 5(c) and 5(d) illustrate the ELF contour maps of Vs, and
Vsn. It can be seen that electrons spread over Sn atom for Ve,
indicating that the extra electrons are attributed to electrons
returned back to Sn. It is in accordance with the introduced
impurity level near VBM (Fig. 4(b)). Meanwhile, the much
higher degree of electron delocalization in the vacancy than
the pristine one indicates intensive charge transfer. When the
crystalline quality of the prepared SnSe material is too low,
we can improve the crystal quality by annealing treatment,
thus increasing the power factor of SnSe. However, the con-
tribution of vacancies to electrical conductivity indicates that
proper crystal defects can improve the electrical conductivity
of the materials. Therefore, proper annealing conditions are
very important to improve the power factor of SnSe thermo-

electric materials.
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Fig. 5. (color online) (a) DOS, (b) PDOS, and (c), (d) ELF contour maps of Se and Sn vacancies.

4. Conclusion

The thermal stability is an important issue for thermoelec-
tric materials due to the specific working condition. Herein,
the thermal stability and oxidation resistance of single crystal
SnSe thermoelectric materials prepared by Sn self-flux method
were studied by repeated aerobic heating for a long time. The
SEM and TEM results show that the internal of SnSe crystal

cannot be easily oxidized; XPS results indicate that surface
of SnSe is slightly oxidized to SnO,. SnSe presents stable
thermoelectric properties. Besides, the calculation and exper-
imental results show that appropriate thermal treatment can
improve the crystallization quality and reduce the defect den-
sity. Meanwhile, the decrease of defect density can improve

the Seebeck coefficient. Unfortunately, the electrical conduc-
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tivity will decrease with reduced carrier concentration. There-

fore,

an appropriate annealing is a key factor in balance the

Seebeck coefficient and electrical conductivity of SnSe. In

summary, the Pnma-phase single crystal SnSe presents excel-

lent thermal stability and oxidation resistance, and annealing

at appropriate temperature is an effective way to improve the

transmission properties of SnSe single crystal thermoelectric

materials.
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