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Bi doped n-type SnSe thin films were prepared by chemical vapor deposition (CVD) and their structure and thermo-
electric properties were studied. The x-ray diffraction patterns, x-ray photoelectron spectroscopy, and microscopic images
show that the prepared SnSe thin films were composed of pure SnSe crystals. The Seebeck coefficients of the Bi-doped
SnSe were greatly improved compared to that of undoped SnSe thin films. Specifically, Sng g9Big o1 Se thin film exhibited
a Seebeck coefficient of —905.8 uV-K~! at 600 K, much higher than 285.5 uV-K~! of undoped SnSe thin film. Further
first-principles calculations reveal that the enhancement of the thermoelectric properties can be explained mainly by the
Fermi level lifting and the carrier pockets increasing near the Fermi level due to Bi doping in the SnSe samples. Our results
suggest the potentials of the Bi-doped SnSe thin films in thermoelectric applications.

Keywords: SnSe thin films, Bi doping, thermoelectric properties, Seebeck coefficient

PACS: 63.20.dk, 73.50.Lw, 68.35.bg

1. Introduction

Thermoelectric (TE) materials, enabling energy conver-
sion between heat and electricity,!!"? offer a possibility for
electricity generation and refrigeration.>~’! The efficiency of
TE materials is usually measured by power factor (¢S%) and
a dimensionless figure of merit, which is defined as ZT =
oS2T /%, where o is the electrical conductivity, S is the See-
beck coefficient, T is the absolute temperature, and x is the
thermal conductivity, respectively. A high 6% or a low K is re-
quired for excellent thermoelectric materials. There are three
strategies to optimize ZT values. First, the Seebeck coeffi-
cient can be increased through carrier doping or energy filter-
ing of charge carriers. (%
can be increased by lowering the effective mass of the carri-
ers or modulation doping in a quantum well.['%!!! Third, the
thermal conductivity can be reduced by adding interfaces and

1 Second, the electrical conductivity

phonon scattering centers in a nanowire, nanotube, superlat-
tice, alloy or composite.[!>!3] Such methods are typically used
in the synthesis of excellent polycrystalline thermoelectric ma-
terials.

As a new generation of thermoelectric materials with
great potential, SnSe and its related thermoelectric materials
have drawn extensive attention for its excellent thermoelectric
properties.!'*2% For example, Zhao et al. reported that p-type
SnSe single crystals exhibited ultralow thermal conductivity
and an outstanding ZT value of 2.6 at 923 K.['5] Bi doped n-
type SnSe single crystals also showed a high ZT value of 2.2
at 733 K. Ge er al. found that Re and CI co-doping could
significantly enhance the electrical transport performance and
reduce the thermal conductivity of n-type SnSe bulk samples,

DOI: 10.1088/1674-1056/ac11da

which results in a ZT value of 1.5 at 793 K.['81 As we know,
thin film fabrication is important for modern micro- and nano-
devices since thin film materials can be easily incorporated
into complex structures for various applications./?!! Because
of this, SnSe thin films have been extensively investigated
and shown great potentials in the fields of miniaturized opto-
electronic, photovoltaic, and thermoelectric devices.?>>4! At
the same time, researches have shown that the thermoelectric
and optoelectronic properties of p-type SnSe thin films can be
improved by doping suitable elements such as Ag, Co, Pb,
and Zn.!>=27] At the same time, n-type Bi-doped SnSe bulk
samples have been studied and exhibited good thermoelectric
properties.[!%28] However, the report on the synthesis of n-type
SnSe thin films, especially Bi-doped SnSe thin films, is rare.

In this work, we synthesized Bi-doped n-type SnSe thin
films by chemical vapor deposition and investigated the ther-
moelectric properties of Bi-doped SnSe thin films. Our data
show that the Seebeck coefficient of the Bi-doped SnSe thin
films reaches a maximum absolute value of —905.8 puV-K~!
at 600 K. Further first-principles calculations indicate that ap-
propriate Bi-doping can shift the Fermi level up in the energy
band and improve the overall thermoelectric performance of
the SnSe thin films. Our results suggest the potentials of n-
type SnSe thin films in the thermoelectric application.

2. Experimental and theoretical methods

SnSe powder (purity 99.999%, 100 mg) was first evenly
mixed with different amount of Bi powder (purity 99.999%,
0, 2.5, 3, 4 mg), then the mixed powder was placed in the
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center of the high-temperature zone in the CVD system as the
source. A piece of intrinsic Si (100) was placed in the low-
temperature zone as the substrate to grow continuous SnSe
thin films. The mixed powder was heated to 1100 K at a rate
of 20 K-min—!, and the low-temperature zone was heated to
900 K at a rate of 15 K-min~!. Ar (5% H») gas with a flow
ratio of 40-standard cubic centimeter per minute (SCCM) was
introduced as the carrier gas. The pressure was adjusted to
10 Torr (1 Torr = 1.33322 x 10? Pa) during the film growth. Af-
ter a growth duration of 40 min, the system was cooled to room
temperature naturally.

Density functional theory (DFT) was used to calculate
electronic properties of the SnSe samples, which is imple-
mented in Vienna ab initio simulation package (VASP)[?-311
with the projector augmented wave (PAW) method. The
exchange—correlation functional was defined using a gen-
eralized gradient approximation (GGA) of Perdew—Burke—
Ernzerhof (PBE).[3?! A supercell with 48 Sn atoms and 48 Se
atoms (3 x 2 x 2, Pnma) was built, and a Sn atom was ran-
domly replaced with a Bi atom corresponding to a doping con-
centration of 2%. The plane wave cutoff was set to 520 eV, and
a Monkhorst—Pack k-mesh of 3 x 3 x 3 was used to sample the
Brillouin zone (BZ) for integrations in reciprocal space. Both
atomic positions and lattice constants were fully relaxed until
the magnitude of the force acting on all atoms became less than
0.01 eV-A~! and electronic convergence threshold for energy
was set to be 107 eV.

The crystal structures were analyzed by x-ray diffraction
(XRD, Fangyuan, DX-2500) with a Cu Kot (A = 0.15418 nm)
radiation source. X-ray photoelectron spectroscopy (XPS,
Thermo Scientific Escalab 250Xi) measurement was carried
out to study the chemical state of the sample. The mor-
phologies of the Bi-doped SnSe thin films were character-

(a) Sn_,Bi,se —*=002

—z=0.01

Intensity (arb. units)

ized by scanning electron microscopy (SEM, Thermo Sci-
entific, Apreo-S). The elementary compositions of the SnSe
film were investigated by energy dispersive x-ray spectrometry
(EDS, Oxford, X-MaxN 80). The microstructures were char-
acterized by high resolution transmission electron microscope
(HRTEM, FEI Tecnai, G2 F20). The electrical properties of
the samples were measured using a van der Pauw method
in an east changing magneto-transport equipment (ET9007).
The Seebeck coefficient was measured by an SB1000 See-
beck measurement system with K2000 digital temperature
controller. Owing to its high resistivity, the intrinsic silicon
substrate can be viewed as an insulator that has little effect on
the electrical conductivities of our samples.

3. Results and discussion

The structures of the synthsized SnSe thin films were first
studied. The XRD patterns of undoped and Bi-doped SnSe
thin films with different Bi concentration x (x = 0, 0.005, 0.01,
0.02) were shown in Fig. 1(a). The actual elemental compo-
sitions of the samples were obtained from energy dispersive
x-ray spectrometry. The major diffraction peaks can be well
indexed to the orthorhombic SnSe (JCPDS: 48-1224). The
obvious difference in relative diffraction intensity in (400) and
(111) planes indicates the existence of anisotropy of the sam-
ples. Owing to the substitution of a smaller atom Sn by a big-
ger atom Bi, the peak positions of the Sng g9Big o1 Se sample
shift a little bit to smaller angles with respect to that of the un-
doped sample. However, the peak positions of Sng.ggBig.g2Se
sample shift toward bigger angles, which indicates that some
of Bi ions may be incorporated into the lattice interstitial of
SnSe, which were also observed in other studies. 2833

Fig. 1. (a) XRD of undoped and Bi-doped SnSe thin films. (b) SEM image and the inset shows the cross-section SEM image of Sng g99Big.; Se thin film. (c)
HRTEM image and the inset shows the corresponding SAED of Sng 99Big o1 Se thin film. (d)—(f) EDS mapping images of Sn, Se, and Bi from Sng g9 Big 01 Se

thin film.
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Fig. 2. XPS of Sng 99Bi o; Se thin film. (a) Survey scans and high-resolution scans of (b) Sn 3d, (c) Se 3d, and (d) Bi 4f in Sng 99Bi 1 Se thin film.

In Fig. 1(b), the SEM image shows that our film is uni-
form except some dots formed on it. EDS mapping shows
that the Bi concentration of white dots is same as that of the
thin film (not shown). The total thickness of our thin film
was also measured and estimated as 90 nm as shown in the
cross-section SEM image. Further structural characterizations
were performed by using high-resolution transmission elec-
tron microscope. Figure 1(c) reveals that the layer distance
is 0.316 nm, corresponding to that of the (011) face of SnSe.
The corresponding selected area electron diffraction (SAED)
data exhibit a clear orthogonally symmetric spot pattern, as
shown in the inset of Fig. 1(c), indicating the high phase pu-
rity and high crystallinity of the SnSe thin film. Figures 1(d)—
1(f) show the EDS mapping images of Sn, Se, and Bi from
Sng.g9Big g1 Se film, we can see that the elementary distribu-
tion of the Bi-doped SnSe film is uniform.

The composition and the chemical states of Bi-doped
SnSe thin films were then studied by x-ray photoelectron spec-
troscopy (XPS). In Fig. 2(a), the XPS survey scan of the sam-
ple shows the presence of Sn, Se, Bi, C, and O in a typical
Bi-doped thin film (Sng99Bigo;Se). In Fig. 2(b), the Sn 3d
spin—orbit doublet peaks appear at 486.42 eV and 494.81 eV
with splitting of 8.4 eV, which can be assigned to Sn 3ds, and
Sn 3ds,,1%1 respectively. Figure 2(c) shows the broad peak
of Se can be deconvoluted as Se 3ds/, and Se 3d3, peaks at
binding energies of 53.10 eV and 53.96 eV, respectively.*3]
In Fig. 2(d), the presence of Bi 4f;, and Bi 4f5/, peaks at
157.6 eV and 162.9 eV can be attributed to Bi** states in Bi-

doped SnSe sample,!?83*] while the peaks at 159.48 eV and
164.76 eV belong to the Bi’* ions.!3®! Considering the facts
the XRD patterns show peak shifting owing to the Bi-doping
and EDS mappings indicate that Bi elements were evenly dis-
tributed in the sample, the XPS results agree with the previous
analysis.

Then the thermoelectric properties of the Bi-doped
SnSe thin films were characterized in Fig. 3. Figure 3(a)
shows the temperature-dependent Seebeck coefficients (§) for
Snj_,Bi,Se (x = 0, 0.005, 0.01, 0.02) thin films. The un-
doped SnSe shows positive S values but three Bi-doped SnSe
show negative S values. The reason for positive S value in
undoped SnSe is that undoped SnSe samples often have Sn
vacancy defects unavoidably generated during growth, and ex-
hibit p-type characteristics.!!%37-38 The reason for negative S
value in Bi-doped SnSe is that the Bi-dopants are donors and
will generate electrons in SnSe, which makes SnSe change
from p-type to n-type. If one look at the absolute S values,
the temperature dependencies of the absolute S values of Bi
doped SnSe are similar to that of the undoped SnSe, in which
the absolute S values decrease as the temperature increases
above 600 K due to the so called bipolar transport.!!33°1 The
maximal S value is achieved as —905.8 uV-K~! at 600 K in
Sng.99Big o1 Se thin film, which is better than previously re-
ported values of —400 uV-K~! to —900 uV-K~! in high-
quality Bi-doped SnSe crystalline bulks at 300 K-700 K.[16-28]
Since the lattice mismatch € = (ag — asnse)/asi between the
SnSe thin film and Si substrate is negative and n-type See-
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beck coefficient can be increased by compressive strain, 0]

the higher S value of our n-type SnSe thin films is proba-
bly owing to the compressive strain between the SnSe thin
films and the Si substrate. As shown in Fig. 3(b), the elec-
trical conductivity (o) of undoped SnSe and Bi-doped SnSe
shows different trends. The explanations are as follows. As
to the undoped SnSe, the ¢ value first increases with increas-
ing temperature up to 450 K owing to the thermal excitation
of minority carriers, and then starts to decrease from 450 K
owing to the formation of deep level defects,*!! which is like
those observed in undoped SnSe bulks.[*®4?] The ¢ values of
all the Bi-doped SnSe samples show increasing trends as the
temperature increases up to 700 K, since Bi dopants decrease
the deep level defect concentration by suppressing the forma-
tion of traps.[*>*4l Doping n-type dopant Bi into p-type SnSe
will decrease the electrical conductivity first, which is accom-
panied by the decreased Hall carrier concentration, as shown

a
( 2900 - H/././.*\_‘
|
X
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9] ol 0.005
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in Fig. 3(d). The carrier type changes from hole to electron
and carrier concentration decreases from 6.14 x 1017 cm™ to
1.36 x 10!7 cm™3 when the undoped SnSe (more accurately,
p-type unintentionally doped) is doped and become n-type
Sng.995Big 0osSe with 0.5% Bi dopants, owing to the electrons
generated by Bi dopants. After that, the carrier type remain
electron and carrier concentration keep increasing as Bi dop-
ing concentration increases. Meanwhile, the Hall mobility of
carrier first increases owing to less carrier scattering resulted
from the neutralization effect between n-type Bi dopants and
unintentionally doped p-type defects, and then decreases ow-
ing to more and more carrier scattering when the Bi doping
concentration increases. It is noted that the mobility of the
SnSe thin film is lower than that of bulk materials, 281 which
is probably caused by the phonon scattering at the surface and

grain boundary in the thin films.

(b) —o—0.02
2.0f —&— (0.01
0.005
1.5} —A—0
1.0}
0.5}
ol— . . . .
300 400 500 600 700
T (K)
(d) —Hl— Hall carrier concentration
8 —@- Hall mobility ]
12 ~
— |
T ef N A
8 1L
54t @ o o
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g 27 ./ §
® 3
0

0 0.01 0.02
z in Sn;_.Bi,Se

Fig. 3. Temperature-dependent (a) Seebeck coefficient, (b) electrical conductivity, (c) power factor (652), and (d) room-temperature Hall carrier
concentration and Hall mobility of Snj_,Bi,Se (x = 0, 0.005, 0.01, 0.02) thin films.

Figure 3(c) shows the temperature-dependent PF of dif-
ferent SnSe thin films. Low PF values with small variations
are obtained in undoped SnSe and Sng g95Big osSe thin films
due to their low Seebeck coefficients. Owing to the significant
increase of Seebeck coefficient, the higher PF values are ob-
tained in SnolggBio'olse and Sno'ggBiO'OQSe thin films. Specif—
ically, the PF value reaches a maximum of 0.6 uW-cm™~!-K—2
at 700 K when Bi doping concentration is 2%.

In fact, the measurement of thermal conductivity of thin
films is notoriously difficult.[**8 As other groups have
pointed out, thin films are usually expected to have lower
thermal conductivity than their bulk counterparts due to the
phonon scattering at the surface and grain boundary, and hence

many of them have used the thermal conductivity of the corre-
sponding bulk materials to estimate the lower bound of ZT's
of the thin films.[*®*8] At the same time, previous studies
have shown that the thermal conductivity of Bi-doped SnSe
bulk samples is comparable to or even lower than that of
bulk SnSe. 1649501 Therefore, we use the thermal conductivity
of the bulk polycrystalline SnSe reported in the literature>']
to estimate the lower bound of ZT's of our Bi-doped SnSe
films. Temperature dependence of the thermal conductivity
of the bulk polycrystalline SnSe is shown in Fig. 4, owing to
the fact that phonon scattering increases gradually with in-
creasing temperature, kK decreases with increasing tempera-

ture. The conservatively estimate Z7T values as a function
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of temperature for all samples are shown in Fig. 4. The ZT
values of Sngg9Big o1Se and SngggBig g2Se are significantly
improved compared to that of pristine SnSe, which can be at-
tributed to enhanced PF values. The obtained maximum ZT of
Sng 9gBig.g2Se is 0.074 at 700 K. As discussed earlier, the ac-
tual ZT of our SnSe thin film may be higher than the estimated

value here.
—o— 0.02 13
0.08F—m—0.01
0.005 T
—4A0 X
0.04r 1 ~
2
&~ g
N A_A——i—u—A g
(013 &
r of Bulk SnSe, Chen et al.11 <
—0.04F

300 400 500 600 700
T (K)

Fig. 4. Temperature-dependent figure of merit (ZT) for the Sn;_,Bi,Se
(x =0, 0.005, 0.01, 0.02) thin films. The bottom curve is the total thermal
conductivity of the reported bulk SnSe,>!l which is used to conservatively
estimate the ZT of our SnSe thin films.

Since the Seebeck coefficients of Sngg9Big;Se and

Sng 9gBig 02Se are improved dramatically compared to that of
undoped SnSe, we calculated their electronic structures to un-
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derstand the effect of Bi-doping on the thermoelectric proper-
ties of the SnSe samples. Figure 5 shows the comparison be-
tween the pristine SnSe sample and a typical Bi-doped SnSe
sample (Sng.ogBig.02Se). The density of states (DOSs) near
the Fermi level are mainly composed of the s-orbitals and p-
orbitals of Sn, and the p-orbitals of Se. After doping Bi into
SnSe, the Fermi level is shifted up into the conduction band,
and hence the DOSs near the Fermi level is increased and Bi-
doped SnSe become n-type, as shown Fig. 5. According to
Mott expression,[szl the increase in the local DOSs near the
The band
structure of Sng9gBig o2Se is shown in Fig. 5(d) where four
conduction bands named CB1, CB2, CB3, and CB4 are near
the I" point in the Brillouin zone. The differences between the

Fermi level can enhance the Seebeck coefficient.

four band energies are on the order of kg7, suggesting that
doping Bi into SnSe will introduce some carrier pockets near
the Fermi level. Previous studies have shown that the increase
of carrier pockets near the Fermi level will also improve the
Seebeck coefficient.53-3%1 Therefore, doping Bi into SnSe is
indeed an effective way to improve the thermoelectric proper-
ties of SnSe. The results of theoretical calculations agree well

with the experimental results.

—4 -2 0 2 4

CB4

—0.6} Sng.9sBjio.02Se
—0.9 /N ﬁ
X r Y T I z

Fig. 5. [(a) and (b)] DOSs and [(c) and (d)] electronic band structures of the undoped SnSe and Sng 9gBip 02 Se samples.

4. Conclusion

In this work, Bi-doped SnSe thin films were prepared
on Si substrate by CVD and their structures and thermoelec-
tric properties were studied. The ZT values of Sng g9Big o1 Se
and Sng 9gBig g2 Se thin films are significantly improved com-
pared to that of pristine SnSe, which can be attributed to

the enhanced PF values. The obtained maximum Z7 of
Sng.9gBig.g2Se thin film is 0.074 at 700 K. The enhancement of
the thermoelectric properties is related to the Fermi level lift-
ing and the carrier pockets increasing near the Fermi level due
to Bi doping in the SnSe samples. Our results thus provide an
effective way to improve the thermoelectric properties of SnSe
thin films.
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