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It is reported that SnSe; consisting of the same elements as SnSe, is a new promising thermoelectric material with
advantageous layered structure. In this work, the thermoelectric performance of polycrystalline SnSe; is improved through
introducing SnSe phase and electron doping (Cl doped in Se sites). The anisotropic transport properties of SnSe; are inves-
tigated. A great reduction of the thermal conductivity is achieved in SnSe; through introducing SnSe phase, which mainly
results from the strong SnSe,;—SnSe inter-phase scattering. Then the carrier concentration is optimized via Cl doping, lead-
ing to a great enhancement of the electrical transport properties, thus an extraordinary power factor of ~5.12 pW-cm~!.K—2
is achieved along the direction parallel to the spark plasma sintering (SPS) pressure direction (|| P). Through the compre-
hensive consideration on the anisotropic thermoelectric transport properties, an enhanced figure of merit Z7 is attained and
reaches to ~ 0.6 at 773 K in SnSe»-2% SnSe after 5% C1 doping along the || P direction, which is much higher than ~ 0.13
and ~ 0.09 obtained in SnSe;-2% SnSe and pristine SnSe, samples, respectively.

Keywords: thermoelectric, SnSe;, anisotropic structure, Cl-doping

PACS: 71.15.-m, 72.15.Cz, 72.20.Pa, 72.80.Rj

1. Introduction

Thermoelectric material, as the main body of device for
reversible conversion between waste heat and electricity, can
effectively alleviate the shortage of traditional primary energy
and improve the situation of environmental degradation.!!-]
The dimensionless figure of merit (Z7') can be used to assess
the conversion ability of thermoelectric materials for practical
production and application, defined as ZT = S2oT / Kiot, Where
S, 0, Kiot, and T are the Seebeck coefficient, electrical con-
ductivity, total thermal conductivity, and absolute temperature,
respectively. 3! In recent years, a series of new theories and
advanced material fabrication technologies have been devel-
oped to optimize the thermoelectric properties,®-1 such as
raising power factor (PF = Sc) through employing the band
structure engineering!”%!7 or lowering thermal conductivity

11,18-23

by adopting defect engineering.| I In addition, a certain

material with low intrinsic thermal conductivity is explored to
evade election—phonon coupling effectively.!!42427]

As a compound consisting of the same elements as SnSe,
SnSe; has attracted much attention owing to not only its fea-
tures of nontoxicity, non-pollution, earth-abundant, and low

t,[28] but also its natural layered structure leading to a low

cos
thermal conductivity,?”! making it become a competitive ma-
terial in the field of thermoelectricity. Moreover, the first-

principles calculations forecasted that SnSe; is able to reach

DOI: 10.1088/1674-1056/abeeel

a promising ZT value of ~ 2.95 in n-type SnSe, crystals
when the carrier concentration (n) is raised to ~ 102 ¢cm~3
at 800 K.B% SnSe, is crystallized in a typical structure of
CdI, (Figs. 1(a)-1(c)), and Se accumulates in a densely ar-
ranged hexagonal form while Sn is in the octahedral inter-
stice surrounded by six Se atoms.3!! Similar to many layered
compounds (BirSes, BirTes, etc.),[32] n-type polycrystalline
SnSe; exhibits anisotropic thermoelectric properties along the
a-axis and c-axis, 23! the weaker van der Waals chemical bond-
ing between the layers makes the acoustic phonon mode along
the c-axis softer than that along the a-axis, and results in a
much lower thermal conductivity along the interlayer direction
(c-axis).[*¥ When sintering the polycrystalline SnSe, sam-
ples, the layered structures are inclined to distribute along the
sintering pressure direction. Therefore, superior ZT values are
generally obtained along the pressuring direction owing to the
much lower thermal conductivity.[18-30-33]

Among the diverse approaches for optimizing SnSe,,
the substitution of halogen atoms in Se sites is proved to
be a convenient and highly effective strategy to increase
the carrier concentration, and thus improves its electrical
performance.>*333-371 Shu et al. reported a high ZT of
~ 0.56 at 773 K in n-type polycrystalline SnSe, as the dop-
ing concentration of Cl reaches to ~ 6%.13%! Further, Liu et
al. built an imbedded Ag™ bridge in the layers of SnSe; and
harvested a record-breaking ZT of ~ 1.03.1'81 However, the
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excessive increment of carrier concentration in the SnSe, ma-
trix will inevitably result in a higher thermal conductivity from
the electron contribution. In this case, we first introduce SnSe
phase into SnSe; to reduce the lattice thermal conductivity be-
cause of the inter-phase scattering between SnSe, matrix and
the second phases.[*8*!1 Subsequently, we select Cl dopant
to optimize the carrier concentration and improve the electri-
cal performance. Meanwhile, the anisotropic thermoelectric
transport properties are investigated and analyzed in SnSe;-
based samples. We find a ~ 3 times lower thermal conduc-
tivity along the direction parallel to the spark plasma sintering
(SPS) pressure (|| P), and a ~ 2 times higher PF along the

(b) ¢

l-bb
a

direction perpendicular to the SPS pressure (LP) in SnSe;-
based samples. As a result, comprehensive consideration on
the electrical properties and thermal conductivity, a higher ZT
is attained along the || P direction. Besides, the minimum
thermal conductivity decreases from ~ 0.57 W-m~!-K~! to
~0.39 W-m~1.K~! after introducing 2% SnSe along the || P
direction. Then, the maximum PF yields a sharp increase in
SnSez-2% SnSe after 5% Cl doping, which increases from
~1.70 uW-cm™'-K=2 to ~ 9.76 uW-cm~!-K~? along the 1P
direction. In the end, the ZT value is improved to as high as
~ 0.6 after the two-step optimization along the || P direction.
All above optimizing processes are summarized in Fig. 2.
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Fig. 1. Crystal structure of SnSe;: (a) crystal structure along the g-axis; (b) the unit cell; (c) crystal structure along the c-axis.

PFhax| Smin | ZTmax PFhax| Kmin ZTmax PFhax| Fmin | ZTmax
1 0.65 | 0.57 0.09 0.82 | 0.39 0.13 5.12 0.45 0.6
|
2%8SnSe 5%Cl1
1P
PFmax Kmin Z,—Tlnax PEnax Kmin ZTrnax PFmax Kmin ZTmax
SnSe2 0.98 | 1.56 | 0.05 1.70 | 1.15 | 0.11 9.76 | 1.35 | 0.4

Fig. 2. A two-step optimization process for SnSe, along the || P and LP directions. The units of PFpax and K, are uW-cm™! K2 and

W-m~ 1K1, respectively.

2. Results and discussion

The powder XRD patterns of the SnSe;-x% SnSe com-
posites (x =0, 1, 2, 3) are shown in Fig. 3(a). It is found
that the diffraction peaks are well consistent with the sim-
ulated pattern (PDF# 01-089-2939). The lattice parameters
do not change after adding 1% SnSe whatever the addition
of SnSe content, which indicates the presence of SnSe phase
(Fig. 3(b)). From the band gap measurement results (Figs. 3(c)
and 3(d)), the band gap slightly decreases after adding SnSe
into SnSe;, which is due to the relative low band gap of SnSe.

The electrical conductivities of SnSe;-x% SnSe samples
along the two directions (|| P and LP) are measured in the
temperature range from 300 K to 773 K (Figs. 4(a) and 4(b)).
The electrical conductivity is very low at room temperature
and then increases as the temperature rises, which is a typ-
ical temperature-dependent intrinsic semiconductor feature.
The electrical conductivity depends weakly on the tempera-
ture from 300 K to 600 K. At high temperatures, the electrical

conductivity after adding SnSe is higher than that of pristine
SnSe;, which may come from that the reduced band gap from
introducing SnSe is more conducive to thermal excitation as
the temperature rises. This behavior is more striking along
the L P direction in this layered compound. It is obvious that
the electrical conductivity along the | P direction is superior to
that along the || P direction, which indicates an outstanding L P
direction (can be considered as the in-plane direction in crys-
tals) electrical transport property in SnSe,. Besides, the See-
beck coefficients of all samples are relatively large and main-
tain within the range of ~ —400 uV-K~! to —600 pV-K~! at
the whole working temperature (Figs. 4(c) and 4(d)). As a con-
sequence, the power factors after introducing SnSe are higher
than that of pristine SnSe;, especially in the polycrystalline
samples along the L P direction (Figs. 4(e)—4(f)). A maximum
power factor of ~ 1.7 uW-cm™!-K~2 at 773 K is attained in
SnSe; along the L P direction, and is twice of that along the
|| P direction, which is ascribed to the excellent in-plane car-
rier mobility in SnSe;.
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Fig. 3. (a) XRD patterns; (b) the lattice parameters; (c) UV-vis absorption spectra, and (d) band gaps for SnSe;-x% SnSe.
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Fig. 4. Temperature dependence of electrical transport properties along the || P and LP directions for SnSe»-2% SnSe: (a)-(b) electrical

conductivities; (c)—(d) Seebeck coefficients; (e)—(f) power factors.

To further investigate the difference in electrical prop-
erties after adding SnSe and along the two directions in
SnSe,, the Hall measurements are conducted. Since SnSe
is a p-type phase in SnSe,, the room-temperature (RT) car-
rier concentration decreases from ~ 1.17 x 10'® cm™3 to
~ 5.62 x 10'7 cm™3, but a high carrier mobility (1) is ob-
tained from ~ 1.82 cm?>-V~!'.s7! to ~ 8.16 cm>-V~!.s7! and
~10.57 cm?> V157! to ~ 38.05 cm>-V~!.s~! along the || P

and _L P directions, respectively (Figs. 5(a) and 5(b)). The car-
rier mobilities along these two directions also show a signifi-
cant distinction, the values along the | P direction are ~ 5-10
times higher than those along the || P direction. Based on the

142] we have calculated the carrier

single parabolic band model,
mobility as a function of carrier concentration (Fig. 5(c)). All
the experimental data are under the simulated curve, which

is attributed to the more complex scattering mechanism in
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polycrystalline samples, such as grain boundary, precipitated
phase, etc.[3943] Moreover, on the basis of the single band

model, the Seebeck coefficient can be obtained as[#+*3!
8n2kd (@ \*?
S = >m' T | — , (1)
3eh 3n
2.0 .
(a) 300 K
SnSes-z% SnSe
= 1.51 ——n
|
g
o
o 1.0
[}
=
£ 05
o
T
80
(c¢) 300 K single band
SnSey-z% SnSe 0.45m:
0 ﬂ
»
T
Z 40f A
g 1P 1P
S A mx=0 Azxz=0
3 201 mrx=1Ax=
A BEr=2 Ax=2
[ ™ mx=3 LAz=3
0 " | .
0.01 0.1 1 10

n (10Y cm—3)

where kg represents the Boltzmann constant, / represents the
Planck constant, and m* represents the density of state effec-
tive mass. The Pisarenko line shows that the effective masses
along the two directions are almost unchanged after increas-
ing the SnSe concentration, indicating a single band transport
feature at low carrier concentration in SnSe; (Fig. 5(d)).
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Fig. 5. (a) Carrier concentration; (b) carrier mobility; (c) carrier mobility, and (d) Seebeck coefficient as a function of carrier concentration

along the || P and _LP directions for SnSe,-x% SnSe.

1.6 —~—————————— 8 ——————————— 1L.6————————————
) 4_(a) SnSes-z% SnSel||P ~ |(c) SnSeyaz% SnSe||P ~ 14 (e)  SnSey-z% SnSe||P
1 : = 14l
I Ke I
i 12t 56 X 1o}
— |
- Lo g A E 1.0y
= 0.8} s Z os
~ |
5 067 S Ll £ 06
& =
0.4} 3 0.4}
ool Sl =/, . . . o2l
300 400 500 600 700 800 300 400 500 600 700 800 " 300 400 500 600 700 800
T (K) T (K) T (K)
—————————— 12 6——m—m—m——————————
(b) SnSey-z% SnSel P QI-\ (f) SnSes-z% SnSel P
:‘\ 5t a1 =0 M 10} :\\ 51
N oz =1 in
7 oaf “z=2] g & 54
—v-x=3 g I
é E 6l E 31
3 3]
= 2 4 2 of
o Z =
Q‘ 2t % ot xﬁj 1t
1 2
300 400 500 600 700 800 07360 200 500 600 700 800 07300 200 500 600 700 800

T (K)

T (K)

T (K)

Fig. 6. The temperature dependence of thermal conductivity along the || P and LP directions for SnSe;-2% SnSe: (a)—(b) total thermal
conductivity; (c)—(d) electronic thermal conductivity; (e)—(f) lattice thermal conductivity.

The total thermal conductivity (kio) for all samples con-
tinuously decreases with elevating temperature (Figs. 6(a) and
6(b)). It can be seen that the ki, with SnSe phase along the

|| P and LP directions are lower than those of pristine SnSe;.

Besides, the kio along the || P direction is much lower than
that along the LP direction. The ki mainly comes from
the contributions of electronic thermal conductivity (k) and

lattice thermal conductivity (kjy). The ke is calculated by
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Kele = LoT, where L is the Lorentz constant, the ke increases
as temperature rises, which is mainly due to the increased elec-
trical conductivity at high temperatures (Figs. 6(c) and 6(d)).
The lattice thermal conductivity (ki) can be obtained by sub-
tracting Keje from Ko, namely, Kia = Kot — Kele. Interestingly,
the overall kj, along the || P direction is ~ 3 times lower
than that along the _LP direction (Figs. 6(e) and 6(f)). More-
over, a low Kjz of ~0.39 W-m—'-K~! is obtained at 773 K in
SnSe;-2% SnSe sample along the || P direction while the Kiy
in the pristine SnSe, sample is ~ 0.56 W-m~'-K~!, implying

a strong inter-phase scattering after introducing 2% SnSe.
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In order to further explore the decline of the lattice ther-
mal conductivity, we calculate the Griineisen constant () of
these two samples along the || P direction,[**#71 as shown in
Table 1. The ¥ of these two samples are ~ 3.03 and ~ 2.95, re-
spectively, which indicates that the sample with 2% SnSe has
a stronger anharmonicity.

Table 1. The longitude sound velocity (v;), shear sound velocity (vs), aver-

age sound velocity (v,), and Griineisen parameters () of SnSe, and SnSe;-
2% SnSe.

vy (m/s) vs (m/s) vy (m/s) Y
SnSe; 2407 1228 1637 2.95
SnSe»-2% SnSe 1947 959 1287 3.03
0.15— " " " T
(b) SnSes-z% SnSe l P
=0
010t 2 =2
—v-z=3
0.05

300 400 500 600 700 800
T (K)

7. Temperature dependent ZT values along the (a) || P and (b) LP directions for SnSe»-2% SnSe.
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Fig. 8. (a) XRD patterns; (b) lattice parameters; (c) UV-vis absorption spectra, and (d) band gap for SnSe;-2% SnSe-y% Cl.

Compared with the excellent electrical transport proper-
ties along the L P direction, the contribution from thermal con-
ductivity along the || P direction to final ZT's is more strik-
ingly, especially when introducing SnSe phase with intrinsi-
cally low ki, Therefore, combining the electrical and thermal
properties along the two directions, relatively higher ZT's are

achieved along the || P direction (Figs. 7(a) and 7(b)). The ZT
value along the || P direction approaches to as high as ~ 0.13
at 773 K for SnSe,-2% SnSe while is only ~ 0.09 for SnSe,.
Based on the obtained low thermal conductivity and high
ZT in SnSe; with 2% SnSe, we further improve the electri-
cal transport properties through halogen element doping. The
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XRD data of all samples with Cl doping are shown in Fig. 8(a).
It is obvious that all the diffraction peaks agree well with the
simulated pattern (PDF# 01-089-2939) (SnSe,-2% SnSe-y%
CLy=0,1, 2, 3,4,5, 6). Figure 8(b) shows that the lat-
tice parameter gradually decreases with increasing Cl con-
tent, it proves that Cl is doped into SnSe, matrix as Cl has
a smaller atomic radius than Se. The decrement of band gap
from ~ 1.0 eV to ~ 0.83 eV is likely related to the introduc-
tion of impurity energy levels after Cl doping (Figs. 8(c) and
8(d)).

After CI doping, the carrier concentration is optimized,
leading to a huge increment of electrical conductivity (o) in

SnSe,-2% SnSe samples. At room temperature, the ¢ in-

creases from ~ 4 S-cm~! to ~ 78 S-cm~! and from ~9 S-cm™!
to ~ 208 S-cm~! along the || P and LP directions after 5%
Cl doping, respectively (Figs. 9(a) and 9(b)). This striking
difference mainly derives from the unique layered structure
of SnSe, as mentioned above. The Seebeck coefficient de-
creases after increasing carrier concentration along the two
directions (Figs. 9(c) and 9(d)). Besides, it can be seen
that the PF reaches to as high as ~ 5.12 uW-cm~!-K~2 and
~9.76 uW-cm~!.K~?2 after 5% Cl doping along the || P and
L P directions, respectively (Figs. 9(e) and 9(f)), which is an
prominent enhancement compared to the undoped samples.

To further investigate the dramatic increase in the o, the
n and U at room-temperature are measured. As Fig. 10(a) de-
picts, the n is largely enhanced from ~ 5.6 x 10'7 cm™ to
~ 6.2 x 10! cm™3 after Cl doping, which benefits from the
fact that Cl is an effective electron donor.!3! It is worth not-
ing that the u increases with rising the doping concentration
from 1% to 5% (Fig. 10(b)), which may be due to the micro-
regulation of Cl on SnSe, and SnSe phases.*®! In other word,
Cl replaces Se not only in SnSe, but also in SnSe, making
the SnSe phase be changed from intrinsic p-type to n-type,
therefore, the n—p phase in SnSe, convert to n—n phase thus
reducing the energy barrier between SnSe, and SnSe, which
makes the carriers facilely migrate. As a consequence, the u

increases up to ~ 12 cm?-V—!.s7!

after 5% Cl doping along
the || P direction. Based on the single parabolic model, [**! ex-
perimental data locate under the simulated relationship curve
of u with increased n obviously (Fig. 10(c)), which is at-
tributed to the dominance of grain boundary scattering in poly-
crystalline SnSe; at low temperatures.*8] Based on the Pis-

[38,44]

arenko relationship, it is found that the effective mass in-

creases after Cl doping (Fig. 10(d)), which implies a multiple
band transport behavior in SnSe, as the carrier concentration

rises. 3]
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Fig. 9. The temperature dependence of electrical transport properties along the || P and LP directions for SnSe;-2% SnSe-y% Cl samples:
(a)—(b) electrical conductivities; (c)—(d) Seebeck coefficients; (e)—(f) power factors.

It is found that the whole i, after Cl doping are
slightly higher compared to those of the undoped 2% SnSe
samples, which are in the range of ~ 0.45 W-m~'.K~! to
~1.35 W-m~L.K~! at 773 K (Figs. 11(a) and 11(b)). Be-
sides, the kg increases rapidly with increasing the doping
content owing to the contribution from the increased carrier
concentration (Figs. 11(c)and 11(d)). In the end, the ki, in-

creases slightly after Cl doping along the two directions, which
may come from the reduced energy barrier between SnSe, and
SnSe phases weakening the inter-phase scattering after C1 dop-
ing (Figs. 11(e) and 11(f)).

Through the comprehensive evaluation on the anisotropic
electrical properties and thermal conductivity of SnSe;-2%
SnSe with Cl doping, the samples show higher ZT values
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along the || P direction than the L P direction (Figs. 12(a) and
12(b)). Finally, a maximum ZT of ~ 0.6 at 773 K is achieved
in SnSe»-2% SnSe-5% Cl along the || P direction, which is a
great improvement compared to ZT of ~ 0.13 for the SnSe;-
2% SnSe sample without C1 doping.

2.1. Conclusion

In summary, the thermoelectric performance of SnSe,
is improved successfully by a two-step optimization strat-
egy, namely, reducing the thermal conductivity by introducing
SnSe and then increasing the power factor through C1 doping.
Specifically, introducing SnSe phase can significantly reduce
the lattice thermal conductivity in SnSe; due to the inter-phase
scattering and strong anharmonicity, then Cl doping optimizes
the carrier concentration thus improving the electrical proper-
ties. Meanwhile, we also estimate that the anisotropic thermo-
electric properties along the || P and L P directions in SnSe;-
based samples, and find a more prominent contribution from
the thermal conductivity to the final ZT's along the || P direc-
tion. Ultimately, a high ZT of ~ 0.6 along the || P direction is
achieved for SnSe;-2% SnSe-5% Cl sample at 773 K, which
makes it a promising candidate for thermoelectric application.
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