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Abstract SnSe crystals have been discovered as one of

the most efficient thermoelectric materials due to their

remarkable thermal and electrical transports. But the

polycrystalline SnSe possesses much lower performance

especially for the low carrier mobility and electrical con-

ductivity. We firstly attempted to explain and verify the

difference in the electrical conductivity as a function of

temperature between p-type crystalline and polycrystalline

SnSe by considering the grain boundary effects in the

polycrystalline samples. On the basis of 2% Na doping to

optimize the carrier concentration, the carrier mobility is

improved by further introducing In, leading to enhanced

carrier mobility from 3 to 9 cm2�V-1�s-1 in polycrystalline

SnSe. Moreover, In doping introduces extra resonant levels

in SnSe, which increases the density of states near Fermi

level and leads to an enhanced band effective mass. Large

Seebeck coefficient of * 205 lV�K-1 at 300 K and

maximum power factor of * 7.5 lW�cm-1�K-2 at 773 K

can be obtained in the Sn0.975Na0.02In0.005Se sample,

leading to a competitively high dimensionless figure of

merit (ZT) value exceeding 1.1 at 773 K.

Keywords Thermoelectric; p-type polycrystalline SnSe;

Carrier mobility; Resonant effect; Band effective mass

1 Introduction

Thermoelectric materials and technologies, which convert

thermal energy to electricity, offer an alternative option of

harvesting waste heat [1, 2]. The thermoelectric energy

conversion efficiency of a given material is determined by

the dimensionless figure of merit, ZT = S2rT/(jele ? jlat),
where S is the Seebeck coefficient, r is the electrical

conductivity, T is the absolute temperature, jele is the

electronic thermal conductivity and jlat is the lattice ther-

mal conductivity [1–4].

In the cause of optimizing the thermoelectric perfor-

mance, expended efforts should be made to boost the

power factor (PF = S2r) or decrease thermal conductivity

[5–14]. Over the past decades, substantial strategies have

been taken in the development of high ZT values, including

carrier concentration engineering [15–18], band structure

engineering [19–22] and all scale hierarchical architectur-

ing [23, 24]. Alternatively, one could look for promising

candidates with intrinsically low thermal conductivity,

which mainly derives from anisotropic and anharmonic

bonding [25], copper ion liquid-like behavior [26], and

complex crystal structure [27–29], etc.

SnSe is a quasi-two-dimension-layered binary com-

pound with an orthogonal structure. SnSe crystals have

attracted extensive attention due to excellent thermoelec-

tric properties and ultrahigh ZT values have been achieved

in both p-type [30–33] and n-type SnSe crystals [34, 35].

However, crystal SnSe has the disadvantages of high cost,

long term to prepare, poor mechanical properties, and thus

hard for industrial application. So, polycrystalline SnSe has

been attracting extensive attentions. To date, the poly-

crystalline SnSe system has also been greatly developed.

Owing to the limitation of electrical conductivity and

carrier mobility, the thermoelectric performance of
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polycrystalline SnSe is not ideal, showing low ZT values

[15, 17, 36–38]. Researches show that alkali metal doping

can effectively control the carrier concentration while Na

was confirmed as the most effective dopant, which can

significantly improve the electrical transport properties

[36, 39–44].

In has the ability to introduce extra valence state by

forming In? and In3? simultaneously [45]. And former

studies have shown that the Seebeck coefficient of In-

doped SnTe can be greatly increased, because the resonant

state improves the density of electronic states [46]. This

inspires us to investigate whether In can form resonant

level in SnSe system. In this work, we introduced small

amounts of In on the basis of 2% Na doping as p-type

dopant. Our results show that the simultaneously optimized

carrier mobility and Seebeck coefficient can be achieved.

Specifically, the carrier mobility was increased from * 3

to * 9 cm2�V-1�s-1, while a nearly 50% increase in the

Seebeck coefficient was obtained at 300 K by In doping. In

the full temperature range, both electrical conductivity and

Seebeck coefficient are increased significantly, leading to

greatly enhanced power factors approach-

ing * 7.5 lW�cm-1�K-2 at 773 K. And the final ZT value

shows an increase from * 0.64 to * 1.1 at 773 K.

Besides, the comparison between crystalline and poly-

crystalline p-type SnSe of the electrical conductivity

demonstrated in this work gives reasonable explanations on

the three-stage trend of electrical conductivity curve of the

polycrystalline SnSe by considering the grain boundary

effects, which might be implemented for further perfor-

mance enhancement of polycrystalline SnSe systems by

grain boundary modification.

2 Experimental

The high-purity elements Sn, Se, Na and In were weighed

according to the stoichiometric ratio Sn0.98-xNa0.02InxSe

(x = 0%, 0.25%, 0.50%, 0.75% and 1.00%) under a glove

box filled with nitrogen, put into carbon-coated quartz tube,

and flame-sealed under vacuum below 1 9 10-2 Pa. The

tubes were loaded into muffle furnace, slowly heated to

1223 K in 12 h, then kept for 12 h, cooled to 793 K in 6 h,

kept for 12 h, and naturally cooled to room temperature.

The obtained ingots were subsequently ground into pow-

ders and densified with spark plasma sintering (SPS-

211Lx). Obtained compact cylindrical samples were then

used to measure phases, electrical and thermal transport

properties, microstructure characterizations, and Hall

coefficients. Density functional theory (DFT) calculations

were conducted to analyze electrical transport properties.

The experimental details can be found in the Supporting

Information (SI).

3 Results and discussion

3.1 Analysis of electrical conductivity of
polycrystalline SnSe

The electrical conductivity of hole-doped SnSe crystal is

shown in Fig. 1a, indicating a metallic conduction behavior

as the electrical conductivity gradually decreases with

temperature rising. This can be attributed to the enhanced

acoustic-electric scattering (phonon-electron scattering)

effect with high temperatures, and thus the carrier mobility

declines, leading to a temperature dependency of electrical

conductivity (T-3/2) due to the dominated acoustic phonon

scattering (APS) [47, 48]. Figure 1b shows the electrical

conductivity of hole-doped polycrystalline SnSe. Different

from the SnSe crystals, the electrical conductivity of

polycrystalline SnSe can be divided into three parts.

Below * 400 K, the electrical conductivity goes up as

temperature increases, and then decreases at 400–650 K,

showing typical semiconductor conducting characteristics,

while experiences an upward process at the temperatures

above 650 K.

The SnSe crystals were prepared by the vertical Bridg-

man method using tube furnace, and the crystal can be

directly cut into bars for thermoelectric performance test-

ing. However, for polycrystalline, it is necessary to crush

the SnSe polycrystalline ingots and perform SPS. Figure 1c

is a typical back-scattered electron (BSE) image, which

shows the extensive grains processed by SPS, with a size

of * 40 mm or lower, which means that the density of

grain boundaries (GBs) has increased significantly during

the synthesis of polycrystalline samples. At low tempera-

tures, the grain boundary scattering is dominant, and the

existence of extensive grain boundaries restricts the

migration of carriers and limits the electrical conductivity

[49, 50].

There are potential barriers that block the movement of

charge carriers near the grain boundaries. Meanwhile,

studies show that, compared with atoms inside the grain

boundary, atoms at/near the interfaces between grain

boundaries are in a disordered state. There are large

numbers of incomplete atomic bonds, thus forming multi-

ple defects [46], which can capture carriers (holes or

electrons). As a result, the grain boundary is electrified and

a grain boundary potential is formed, which adversely

affects the electrical conductivity at low temperature.

Phonon scattering dominates the interior of the grain
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boundary; however, due to the existence of the grain

boundary barriers, the electrical conductivity at the grain

boundaries (rGB) can be described as [51]:

rGB ¼ e2kn
1

2pmkBT

� �1=2

exp
�Eb

kBT

� �
ð1Þ

where e is the electron charge, k is the grain size, n is the

carrier concentration, m is the carrier effective mass, kB is

the Boltzmann constant, T is the temperature in Kelvin, and

Eb is the grain boundary barrier in a single dimension.

Among them, the grain boundary barrier (Eb) is described

by the following formula:

Eb ¼
e2Q2

t

8Ne
ð2Þ

where Qt is the concentration of trap states at the GBs, e is
the dielectric constant, and N is the doping density.

Equation (2) corresponds to the case where the carrier

concentration greater than Qt. Kuo et al. [52] believe that

the material consists of the GB phase and bulk grain phase,

so that the total electrical conductivity can be expressed by

the following equation:

r�1 ¼ 1� að Þr�1
G þ ar�1

GB ð3Þ

where a is a constant and represents the fraction of GB

phase. In the temperature range dominated by grain

boundary scattering, when the resistance from GBs is

strong enough, then the contribution of bulk grain phase

to electrical conductivity is masked by GBs. Then rGB in

Eq. (1) is approximately equal to the whole electrical

conductivity. If the carrier concentration stays the same,

plotting the relationship between lnr and 1/kBT, accord-

ing to Eq. (1), would produce a straight line with a slope

of -Eb [51]. Therefore, we select the polycrystalline

sample Sn0.98Na0.02Se for verification, as shown in

Fig. 1d. As expected, lnr and 1/kBT are linear in the

dominant phase of low-temperature grain boundary

scattering, well verifying the above analysis. The linear

fitting curve of the slope indicates that the energy barrier

of the grain boundary is estimated to be * 39.6 meV

based on the slope. And former studies have shown that

the material which has larger Eb value exhibits better

semiconductor characteristics under the same conditions

[53]. Based on above analysis, for the polycrystalline

SnSe, we can consider that rationally preparing larger

grained samples through heat treatment and texture

strategy may be beneficial to eliminate the grain

Fig. 1 Temperature dependent of electrical conductivity of a SnSe crystal [31] and b polycrystalline Sn0.98Na0.02Se; c back-scattered
electron (BSE) image showing grains with various grain size of polycrystalline Sn0.98Na0.02Se; d relationship between lnr and (kBT)

-1

under dominant system of grain boundary scattering
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boundary scattering and promote the electrical

performance.

However, as temperature increases, more holes and

electrons are thermally excited to cross the grain boundary

barriers to participate in the electrical conduction, and the

electrical conductivity gradually increases up to * 400 K

[53]. At T[ 400 K, phonon-electron scattering becomes

the dominate scattering mechanism, and the electrical

conductivity shows a negative temperature dependence,

consistent with that in crystal SnSe.

The critical temperature point of the phase transition

(Pnma-Cmcm) in SnSe is * 800 K, while it is worth

noting that studies have found that there is a continuous

phase transition process with a temperature span of 200 K

before the critical transition temperature [54–56]. Gener-

ally, the higher the symmetry of the crystal structure is, the

lower the anharmonicity is, the lower the scattering on the

carriers is, and the higher the carrier mobility can be

achieved. This continuous phase transition changes the

crystal structure, which causes a significant increase in the

carrier mobility at high temperatures [34]. On the other

hand, the variable temperature Hall measurement found

that the carrier concentration of SnSe will rise significantly

at the temperature of above 700 K [32], mainly due to the

thermal excitation of a small number of carriers. Based on

the above two factors, the electrical conductivity of poly-

crystalline SnSe increases at the temperatures above *
650 K, as shown in Fig. 1b

3.2 Phase structure characterization

Powder X-ray diffraction (XRD) patterns of Sn0.98-x
Na0.02InxSe are shown in Fig. 2a, from which all samples

present single Pnma phase (PDF No. 53–0527). It can be

completely dissolved with SnSe to form a single phase for

the range of 0.25%–1.00% In concentration with no mis-

cellaneous phase in XRD patterns. The lattice parameters

of SnSe after In doping are calculated shown in Fig. 2b,

showing that In doping does not obviously affect the lattice

parameters of SnSe because of the similar ionic radius of

Sn2? and In?/In3?.

3.3 Electrical transport properties for
polycrystalline Sn0.98-xNa0.02InxSe

Figure 3a shows the electrical conductivity of Sn0.98-x
Na0.02InxSe samples. It is observed that electrical conduc-

tivity of all samples shows the same three-stage trend in the

full temperature range, which was well analyzed as

demonstrated above. The electrical conductivity increases

with In doping, reaching maximum value of * 40 S�cm-1

for the sample x = 0.5% at room temperature. The elec-

trical conductivity can be calculated as:

r ¼ nel ¼ ne2s
m� ð4Þ

where l is the carrier mobility, and s is the relaxation time. It

can be seen from Eq. (4) that electrical conductivity is

directly proportional to the carrier mobility. In order to

obtain the carrier concentration and carrier mobility at room

temperature, we conducted the Hall measurement for all

samples, as shown in Fig. 3b.With In doping fraction rising,

the room-temperature carrier mobility fluctuatingly increa-

ses and reaches the highest value of * 9 cm2�V-1�s-1

for the sample x = 0.50%, almost 3 times higher than that of

In-free sample. This also corresponds to the maximum

room-temperature electrical conductivity when x = 0.50%,

as shown in Fig. 3a.

Figure 3c shows the temperature dependence of the

Seebeck coefficient for all samples, demonstrating largely

enhanced Seebeck coefficients by In doping due to the

resonant effect and the increased electronic density of

states, which will be discussed later. Specifically, the room-

temperature Seebeck coefficient was increased from *

Fig. 2 a Powder XRD patterns and b lattice parameters of In-doped polycrystalline SnSe
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137 to * 205 lV�K-1 with In doping fraction increasing.

The Seebeck coefficient increases with temperature rising,

reaching a peak value around 700 K. At the temperatures

above 700 K, the Seebeck coefficient decreases with tem-

perature increasing. According to Eq. (5), the Seebeck

coefficient is inversely proportional to the carrier concen-

tration, so the decline of Seebeck coefficient above 700 K

might arise from the increased carrier concentration due to

the thermal excitation at high temperatures. To confirm

this, we conducted the high-temperature Hall

measurements for typical samples and found that the car-

rier concentration shows a similar upturn trend after 700 K,

as shown in Fig. 3d, which is consistent with the downward

trend of the Seebeck coefficient when T[ 700 K. More-

over, the high-temperature Hall measurements and the

calculated carrier mobility shown in Fig. 3e correspond to

the electrical conductivity in Fig. 3a, further indicating the

grain boundary effect and its influence on the electrical

transport properties of polycrystalline SnSe as discussed

above.

Fig. 3 Electrical transport properties of Sn0.98-xNa0.02InxSe samples with rising temperature: a electrical conductivity; b room
temperature carrier concentration and carrier mobility; c Seebeck coefficient; d high-temperature carrier concentration; e high-
temperature carrier mobility; f power factor
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To investigate the effects on the Seebeck coefficient

from In doping, we conducted first-principle calculations of

the electronic band structure and density of state (DOS) for

SnSe with and without In doping, as shown in Fig. 4. The

Seebeck coefficient can be defined as:

S ¼ 8p2j2B
3eh2

m�T
p
3n

� �2
3 ð5Þ

where m* is the band effective mass, h is the Planck con-

stant. The change of effective mass has a great influence on

the Seebeck coefficient. Based on the electrical transport

measurements at 300 K, the Pisarenko plot calculated by

the single parabolic band (SPB) model is depicted in

Fig. 4a with m* = 0.8m0 (m0 is the mass of the electron)

derived from the experimental data of the sample x = 0.

The experimental data for In-doped samples locate much

higher than the Pisarenko plot shown in Fig. 4a, indicating

that the DOS effective increases with In doping in SnSe. In

the meantime, based on the obtained band structures shown

in Fig. 4c, d, the electronic density of states is calculated,

as shown in Fig. 4b. Compared with the undoped sample, it

is found that In doping can increase the integral of the

energy near the Fermi level as the DOS curves become

steeper, thereby improving the effective mass and pro-

ducing a resonant state effect.

With the simultaneously optimized electrical conduc-

tivity and Seebeck coefficient by In doping in SnSe, the

power factor as a function of temperature can be obtained

in Fig. 3f. The power factor shows significant improvement

over a wide temperature range after In doping, and the

maximum value is increased from * 3.9

to * 7.5 lW�cm-1�K-2 at 773 K by introducing 0.50%

In.

3.4 Thermal transport properties of polycrystalline
Sn0.98xNa0.02InxSe

Figure 5a shows the total thermal conductivity of Sn0.98-

xNa0.02InxSe. It can be seen that the total thermal conduc-

tivity gradually decreases with temperature increasing. The

total thermal conductivity is determined by the following

equation:

Fig. 4 a Pisarenko relationship of Sn0.98-xNa0.02InxSe at room temperature; b comparison of density of state (DOS) for undoped SnSe
(black line) and In-doped SnSe (red line), where vertical line denotes Fermi level; c electronic band structures of Sn64Se64; d electronic
band structures of Sn63InSe64
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jtot ¼ DCpq ð6Þ

where q is the sample density, as listed in Table S1; D is

the thermal diffusion coefficient measured by the laser

thermal conductivity meter LFA, and Cp is the specific heat

calculated by the Debye model, as shown in Fig. 5b, c.

Doping In slightly increases the total thermal conductivity.

Specifically, the room-temperature total thermal

conductivity rises from * 1.12 to * 1.26 W�m-1�K-1,

and high-temperature values range from * 0.47

to * 0.55 W�m-1�K-1 at 773 K. There is no quantitative

relationship between the lattice thermal conductivity and

the carriers, and it is a relatively independent parameter,

which can be determined by the following equation:

jlat ¼ jtot � jele ð7Þ

According to the Wiedemann–Franz law, the

relationship of jele is as follows:

jele ¼ LrT ¼ LnelT ð8Þ

where L is the Lorentz number, which is obtained by fitting

multiple Seebeck coefficients at different temperatures and

Fig. 5 Thermal transport properties of Sn0.98-xNa0.02InxSe samples with rising temperature: a total thermal conductivity; b thermal
diffusivity; c specific heat; d Lorenz number; e electronic thermal conductivity; f lattice thermal conductivity
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is mainly used to estimate the reduced chemical potential,

as shown in Fig. 5d. Figure 5e shows the electronic ther-

mal conductivity of Sn0.98-xNa0.02InxSe polycrystalline

samples. From Eq. (8), jele is determined by the carrier

concentration and carrier mobility. Therefore, jele shows

an increasing trend with In doping, as shown in Fig. 5e.

Figure 5f shows the jlat of Sn0.98-xNa0.02InxSe samples as a

function of temperature, from which we can see no obvious

change with In doping. This also indicates that the increase

of total thermal conductivity mainly arises from the elec-

tronic part.

3.5 Figure of merit (ZT) for polycrystalline
Sn0.98-xNa0.02InxSe

The thermoelectric figure of merit (ZT) with In doping

samples is shown in Fig. 6a. With the optimized electrical

transport properties and maintained thermal part, the final

ZT values demonstrate significant enhancement with In

doping. Specifically, the maximum ZT value for each

sample ranges from * 0.6 for Sn0.98Na0.02Se to * 1.1 for

Sn0.975Na0.02In0.005Se at 773 K, indicating a 72% increase

with 0.50% In doping. Furthermore, we compare the

optimized ZT of this work with the previously reported

p-type SnSe polycrystalline systems with similar experi-

mental routes, as shown in Fig. 6b. The comparison indi-

cates that upon Na doping, further In doping has a

significant effect on optimizing the thermoelectric perfor-

mance of p-type polycrystalline SnSe by producing reso-

nant effect.

4 Conclusion

In this work, we first compared the electrical conductivity

between p-type crystalline and polycrystalline SnSe to

estimate the three-stage curve for polycrystalline sample.

This feature mainly arises from the various dominating

phonon scattering mechanisms, which change from grain

boundary scattering to acoustic phonon scattering with

rising temperature and can be further verified by

microstructure characterization and theoretically calculated

simulation. To further improve the electrical transport

properties of polycrystalline SnSe, we synthesized Sn0.98-

xNa0.02InxSe samples by melting and SPS method. It is

found that In doping can induce the resonant effect of

electronic states, which increases the density of states near

Fermi level and strengthens the effective mass, resulting in

an * 50% enhancement of the Seebeck coefficient. the

electrical conductivity was also optimized by carrier con-

centration and carrier mobility modification via In doping,

leading to greatly enhanced power factors over a wide

temperature range. Furthermore, while In doping further

optimizes the electrical transport properties, it has no

negative effects on the thermal transports, which con-

tributes to significant improvements on the final ZT values,

and the maximum ZT value of 0.50%In-doped sample

exceeds 1.1, while that of In-free sample is * 0.6. The

present results elucidate that the resonant effects can be

successfully implemented in polycrystalline SnSe systems

for thermoelectric optimization and the performance might

be further enhanced upon this by modifying the carrier

mobility via microstructure engineering.
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