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Studies on Thermoelectric Properties of n-type

Polycrystalline SnSe; Sy by lodine Doping

Qian Zhang,* * Eyob Kebede Chere,** Jingying Sun,® Feng Cao,* Keshab Dahal,® Shuo Chen,?
Gang Chen,” Zhifeng Ren®

ABSTRACT

We prepared iodine-doped n-type SnSe polycrystalline by melting and hot pressing. The
prepared material is anisotropic with a peak ZT of ~0.8 at about 773 K measured along the hot
pressing direction. This is the first report on TE properties of n-type Sn chalcogenide alloys.
With increasing content of iodine, the carrier concentration changed from 2.3x10'" cm™ (p-type)
to 5.0<10" cm™ (n-type) then to 2.0x<10"" cm™ (n-type). The decent ZT is mainly attributed to
the intrinsically low thermal conductivity due to the high anharmonicity of the chemical bonds
like those in p-type SnSe. By alloying with 10 atm. % SnS, even lower thermal conductivity and
an enhanced Seebeck coefficient were achieved, leading to an increased ZT of ~1.0 at about 773
K measured also along the hot pressing direction.
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INTRODUCTION

Thermoelectric (TE) power generators enable the direct conversion from heat to electricity. Ideal
materials for thermoelectric generators should possess high dimensionless figure of merit ZT =
[S%0/(ke+x1)]T, where S, o, ke, &, and T are the Seebeck coefficient, electrical conductivity,
electronic thermal conductivity, lattice thermal conductivity, and absolute temperature,
respectively.® The exploration from metals to alloys and from single crystals to nanostructures
pushed the ZT values higher and higher.**! Many approaches, such as resonant doping** *3, band

1415 all-scale hierarchical structure'® "’

convergence , etc. have been realized in the group 1V-VI
semiconductors. Peak ZTs as high as 2 were obtained frequently in different lead chalcogenide
alloys.® ' 1% Concerns on toxicity of lead also inspired the study of lead-free tin
chalcogenides.?* " All the tin chacogenides (SnTe, SnSe, and SnS) were proved to be topological
insulators.®*3* It has been reported that p-type In-doped SnTe has ZT value higher than 1.0.2° A
surprising record ZT ~2.6 at 923 K was recently reported in p-type SnSe single crystal along one
of the crystallographic directions.?® This material was scarcely studied as TE materials due to the
large band gap ~0.9 eV.** The high ZT is solely attributed to the intrinsically ultralow thermal
conductivity due to high anharmonicity of the chemical bonds.? ***! Considering the large-scale
applications and the poor mechanical properties in the layered single crystal SnSe (crystallized in
the orthorhombic Pnma space group), SnSe polycrystals were then studied.?® However, due to
lowered electrical conductivity and higher thermal conductivity, the peak ZT value was
significantly decreased to lower than 1 at about 800 K.* Many kinds of p-type dopants were
tested to increase the carrier concentration and electrical conductivity, and best peak ZT of ~0.6
at about 750 K was achieved in Ag-doped polycrystalline SnSe.?” SnS (crystallized in the
orthorhombic Pbmn space group) has the similar layered structure with SnSe and even larger
band gap ~1.21 eV.% % 38.39.42.43 pgiantial application of this environmentally compatible and
low-cost material was predicted by first principles calculation** and a ZT of ~0.6 at about 900 K
was recently obtained in p-type Ag-doped SnS polycrystals.?® However, there is no report on n-
type tin chalcogenide alloys up to now.

In this paper, we successfully prepared anisotropic I-doped n-type SnSe polycrystals with
the highest ZT of ~0.8 at about 773 K measured along the hot-pressing direction. Since SnS and

SnSe form a continuous series of solid solution,® by alloying with SnS, the thermal conductivity



decreased and the Seebeck coefficient increased, leading to an increased peak ZT of ~1.0 at about
773 K for SnSg 1Sep s710.03 polycrystals measured also along the hot-pressing direction.

EXPERIMENTAL SECTION

N-type iodine-doped polycrystalline SnSe, SnSeg9So.1, and SnSeg 7So.3 Were prepared by melting
the raw materials (Sn granules, 99.9%; Se granules, 99.99%; S pieces, 99.999%; and Snl, beads,
99.99%) in the double sealed quartz tubes. The raw materials were slowly (100 °C h™) raised to
920 °C and kept for 6 h, then slowly (100 °C h™") cooled to 600 °C and stayed at that temperature
for 70 h, finally slowly (100 °C h™) cooled to room temperature. The obtained ingots were
cleaned and sealed inside the jar in an argon filled glove box and broken down by a high-energy
ball mill SPEX 8000D (SPEX Sample Prep.) for 1 min to get the powder. SnSe is anisotropic.
High ZT was found in single crystal along one of the crystallographic directions, not all
directions. High energy ball milling for long time will eliminate the anisotropy therefore we only
used a very short milling time: 1 min, to achieve some anisotropy in the grains. The powder was
loaded into the half-inch die and hot pressed by alternating current (ac-HP) press at 600 °C for 7
min under 50 MPa to get a 14 mm rod. Considering the anisotropy of SnSe and SnS, all the
samples were cut from both parallel and perpendicular to the pressing direction and measured
along both directions. X-ray diffraction spectra analysis was conducted on a PANalytical
multipurpose diffractometer with an X’celerator detector (PANalytical X’Pert Pro) from
different directions of the anisotropic sample. The lattice parameters were calculated by the
Rietveld refinement method. The microstructures were investigated by a scanning electron
microscope (SEM, LEO 1525) and a high resolution transmission electron microscope
(HRTEM, JEOL 2000FX). The chemical composition was analyzed on an energy-dispersive X-
ray (EDX) spectrometer attached to SEM (JEOL 6330F). Room temperature optical diffuse
reflectance spectra of the powder were obtained on a UV-Vis-NIR Spectrophotometer (Cary
5000) equipped with a polytetrafluoroethylene (PTFE) integrating sphere. Absorption data were
calculated from reflectance data using the Kubelka-Munk function. The optical band gaps were
derived from absorption versus energy plots. The electrical resistivity (p) and Seebeck
coefficient (S) were simultaneously obtained on a commercial system (ULVAC ZEM-3) from

room temperature to 500 °C to avoid the effect of phase transition. The thermal conductivity «

was calculated using x = DaC,, where D is volumetric density determined by the Archimedes



method, « the thermal diffusivity obtained on a laser flash apparatus (Netzsch LFA 457) for an
half inch disk with thickness of < 1.5 mm, and C, the specific heat measured on a differential
scanning calorimetry thermal analyzer (Netzsch DSC 404 C). The Hall Coefficient Ry at room
temperature was measured using a PPMS (Quantum Design Physical Properties Measurement
System) with a magnetic field of -3 T and 3 T and an electrical current of 8 mA. The Hall carrier
concentration ny was calculated using ny = 1/(eRy). The uncertainty for the electrical
conductivity is 3%, the Seebeck coefficient 5%, the thermal conductivity 7% (comprising
uncertainties of 4% for the thermal diffusivity, 5% for the specific heat, and 3% for the density),
so the combined uncertainty for the power factor is 10% and that for ZT value is 12%. Error bars

were only used in the ZT vs T figures to increase the readability of the curves.

RESULTS AND DISCUSSION

SnSe crystallizes in a layered structure with orthorhombic Pnma space group (PDF #32-1382) at
room temperature.?® Figure 1 shows the XRD patterns taken in the plane parallel to the hot
pressing direction (a) and perpendicular to hot pressing direction (b). The calculated lattice
parameters for undoped SnSe (a = 11.48 A, b = 4.15 A, and ¢ = 4.43 A) are consistent with the
reported data.?* *® The obvious difference in diffraction intensity in (400) and (111) planes (The
ratio of the integral intensity of peak (400) to peak (111) is 0.47 in figure (a) and 2.2 in figure (b)
for undoped SnSe.) indicates the existence of anisotropy of the samples in agreement with the
microstructure shown in SEM image (figure 2 (a)). All the peaks were indexed without any
impurity in spite of the high concentration of iodine. A structure transition from orthorhombic

(Pnma) to orthorhombic (Cmcm)? % %

undergoes at about 780 K as shown in figure 3 that
shows the temperature dependence of specific heat for SnSe;ySy (y = 0, 0.1, and 0.3). This

transition was pushed to a higher temperature when SnSe is alloyed with some SnS.
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Figure 1. XRD patterns of bulk samples SnSei«Ix (x =0, 0.01, 0.02, 0.03, and 0.04) (a) along the

hot pressing direction and (b) perpendicular to the hot pressing direction.

Figure 2. SEM fracture images of I-doped SnSeg 971003 (2) on bulk samples perpendicular to the
hot pressing direction and I-doped SnSeg7So.1loos (b) on bulk samples parallel to the hot

pressing direction. The scale bar is 10 um. Inset image: the hot pressed disk.
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Figure 3. Temperature dependence of specific heat for SnSe;,Sy (y = 0, 0.1, and 0.3). To be
conservative, C, of the undoped SnSe, SnSeg¢Seg.1, and SnSeq 7Seq 3 are used for the calculation
of the total thermal conductivity of I-doped SnSe, SnSep¢Seo1, and SnSep7Seos, respectively.
The small peak at about 500 K corresponds to the melting of maybe a very small amount of

elemental Sn.?®

The electrical conductivity of SnSe is much lower than those of the traditional state-of-
the-art thermoelectric materials in spite of the single crystallization. The very high ZT of SnSe is
attributed to the ultralow thermal conductivity due to the intrinsically high anharmonicity of the
chemical bonds® “°. Polycrystal SnSe has even lower electrical conductivity compared with
single crystal SnSe.” The Hall carrier concentration can be increased from ~2x10* cm™ to
~9x10% cm™ by Ag doping.?” However, the electrical conductivity is still low because of the low
hole mobility in polycrystals. By doping with iodine, n-type SnSe polycrtstals were first prepared
by melting and hot pressing in this study. Figure 4 shows the temperature dependence of
electrical conductivity (a), Seebeck coefficient (b), power factor (c), thermal diffusivity (d), total
thermal conductivity (e) and ZT (f) of all doped SnSeixlx (x = 0.01, 0.02, 0.03, and 0.04)
compared with undoped SnSe measured along the hot pressing direction. All the electrical
conductivities increased with increasing temperature, showing typical semiconductor behavior. It
has been reported that nominal stoichiometric SnSe shows p-type intrinsic behavior,?’ like the

undoped result shown in figure 4. But actually it has real composition around SnSeggs With Se



defect due to the evaporation of Se during melting and annealing (see table 1), but there is no Se
evaporation after long time annealing (70 h) (see figure 3). If add up to 5 atm. % of extra Se
when preparation, the compound still shows p-type with negligible carrier density change and
become n-type with 5 atm. % extra Sn (but not stable).?” In this study, iodine doping changed the
conductive type from p to n in the whole temperature range when x > 0.01 confirmed by both the
measured Seebeck coefficients and Hall coefficients (Figure 5) (The sample is also not stable
when x = 0.005, showing p-type at room temperature as shown in figure 5 and n-type at higher
temperature, not shown here). Both iodine doping and Sn overweight together created electrons,
but the electron carrier density is limited to only ~5x10" cm™ for x = 0.01 and to ~2x10*" cm
for x = 0.04. The electrical conductivity decreased first (x < 0.01) then increased (X > 0.01) with
increasing content of iodine, but the value is still as low as the undoped SnSe when x = 0.04.
Thus in spite of the high Seebeck coefficient, the power factor is only ~4 pW cm™ K at about
800 K. Normally, Seebeck coefficient decreased with increasing carrier concentration. However,
look at the Pisarenko relation for SnSeilx in figure 5 (b), the negative Seebeck coefficient
increased with increasing electron carrier concentration when x < 0.03 due to the relatively high
density of minority carriers when having too low electron carrier concentration. The high density
of minority carriers decreased the Seebeck coefficient at low electron carrier concentration.
Considering the low electronic thermal conductivity (xz = LoT, where L is the Lorenz number),
the lattice thermal conductivity (xi. = xiotai-&e) IS Close to the total thermal conductivity shown in
figure 4 (e). Similar with other reported SnSe,”® % ?" high ZT ~0.8 at about 773 K as in figure 4
(f) is mostly benefit from this very low intrinsic thermal conductivity. We also show the
properties of SnSep.g71003 Mmeasured both parallel and perpendicular to the hot pressing direction
in figure 6. The electrical conductivity and the thermal conductivity measured from
perpendicular to the hot pressing direction are higher than those from parallel to the hot pressing
direction and the Seebeck coefficient is almost the same from two directions. But the ZT is
higher along the hot pressing direction.
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Figure 4. Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, (c)

power factor, (d) thermal diffusivity, (e) total thermal conductivity and (f) ZT for SnSei4lx (x =
0, 0.01, 0.02, 0.03, and 0.04) measured along the hot pressing direction.

Table 1. Room temperature real composition, density, Hall carrier concentration, electrical

conductivity, and total thermal conductivity for SnSe;.lx and SnSeg g7.ySylo.03.

. Density
Nominal Comp. Real Comp. 3 (W mtK?h
(gcm™) (sm?
SnSe SnSep gs 6.05 56.5 0.90
SﬂSEo,995|0,005 Sn890,391|0,005 5.90 0.22 0.65
Sn890,99|0,01 Sn890,883|0.013 5.87 0.02 0.63



SnSeg.gslo.o2 SnSeo gs6l0.021 5.84 0.15 0.23 0.66

SnSeg.g7l0.03 SnSep.gsalo.034 5.81 0.46 12.5 0.70
SnSeq oslo.04 SnSeg g73l0.04 5.80 2.4 56.8 0.74
Snseo,8780_1|0_03 SnSeo_8880_07I0_04 5.75 0.38 15.8 0.72
SnSeps7So03looz  SNS€068S0.29l0.03 5.61 0.25 7.19 0.49
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Figure 5. (a) Relationship between room temperature Hall coefficient (Rn) and iodine
concentration (x) and (b) room temperature Pisarenko relation for SnSe;.«lx (x = 0, 0.005, 0.01,
0.02, 0.03, and 0.04).



T <08 T
"

(@) N (d)
= A
1S

~— 103 L ; 0.6} —A—x=0.03, //

i= = \ —A-x=003, L
>
9) 2 A
0 102 = 04r KA \A\A
A —aA
A x=0.03, & — —a
~A-x=003, L ] T PN
E o2} e
1 — .
10'F )
1 1 1 1 -C
t t t t t [ }
-600 |- (b) 1 124 (e)
A
—A—x=0.03, J/
-500 |- 4 ~—~ 10} _ i
> -400 i “E os}

€l / .

% S \ T

-300 — —A—x=003, /| ¥ 06 A \A\A\
N A -x=003, | A A
A \A

-200 0.4+ T A 5

o« + + +
v 4 (©) NE 1.0f 1)

" A
£ / A i ]
5 3 A/ | 0.8 1
= —A-x=0.03, /| / 06 —A-x=0.03, /)
< 5 —A-x=0.03, L = o —A-x=0.03, L A 1
s 7 . 1N P
5 A 0.4 é B
8 a1t |
T 02} A
% of a—a A/z 1 0.0 S A
Q 1 1 1 1 1 ’ I A A A

300 400 500 600 700 800 300 400 500 600 700 800
T(K) T (K)

Figure 6. Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, (c)
power factor, (d) thermal diffusivity, (e) total thermal conductivity and (f) ZT for SnSeg.g710.03
measured along the hot pressing direction (open symbols) and perpendicular to the hot pressing
direction (filled symbols).

SnS also crystalizes in a layered structure with orthorhombic Pbmn space group (PDF
#39-0354) at room temperature.?® It undergoes the structure transition from orthorhombic to
tetragonal at about 858 K.?® We also studied the alloying effect of SnS into SnSe to see whether
further reduction on thermal conductivity is possible. Figure 7 shows the XRD patterns of
alloyed bulk samples SnSeg g7.,Sylo.0z (y = 0, 0.1, and 0.3) parallel (a) and perpendicular (b) to hot
pressing direction. Again we can see strong anisotropy in the samples, which is in consistent



with the SEM images presented in figure 2 (b). Because SnSe and SnS can form a continuous
series of solid solutions, all the peaks of SnSege7.,Sylo.03 Were indexed to single phase with a
minor right shift when SnS is increased. All the calculated lattice parameters (a, b and c)
decreased with increasing concentration of SnS. Good solid solution is confirmed by good fitting

to the Vegard’s law in figure 2 (c).
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parameters were based on SnSegg7.ySyloos (y = 0, 0.1, and 0.3). We use data from reference [29]

for undoped SnS.



Figure 8 presents the temperature dependence of electrical conductivity (a), Seebeck
coefficient (b), power factor (c), thermal diffusivity (d), total thermal conductivity (e) and ZT (f)
of alloyed SnSeg g7.ySylo.oz (y = 0.1 and 0.3) compared with SnSeg.9710.03 measured from along the
hot pressing direction. Both the electrical conductivity and the thermal conductivity decreased
with increasing content of SnS. Se evaporation was depressed and the electron carrier
concentration decreased by introducing S (see table 1). Optical absorption spectra in figure 9
show that the band gap of undoped SnSe is ~0.94 eV, which is decreased to ~0.91 eV for
SnSepo7loos by | doping and increased to ~0.97 eV for SnSege7Sosloos and ~0.93 eV for
SnSe.87S0.110.03 by alloying with SnS.

According to the Debye approximation, the theoretical lowest lattice thermal conductivity

of the disordered crystals can be calculated as follows,*

.1/3 o & Jr 3T
ki :?_gc_)]/ an2/3a vi?; Qq'/ 4dx € dx (1)
60 " T & (o)

where kg is the Boltzmann constant, n is the atom numbers per volume, v; and ¢ are the phonon
velocity and Debye temperature for three sound modes (two transverse and one longitudinal),
respectively. In our case, the calculated lowest lattice thermal conductivity is ~0.26 W m™* K™ at
about 770 K for the low temperature orthorhombic (Pnma) phase SnSe, which is still lower than
the experimental results for undoped (~0.4 W m™ K™ and I-doped SnSe (~0.37 W m™ K™ for
SnSepo7lo0s) at 770 K shown in figure 4 (e). So although already having the very low thermal
conductivity, we also tried alloying with SnS in 3 atm. % iodine-doped SnSe to further decrease
the thermal conductivity. Due to the very low electrical conductivity, the lattice thermal
conductivity is also close to the total thermal conductivity (figure 8 (e)), which showed
decreasing close to the theoretical limit with more alloy scattering (~0.3 W m™ K* for
SnSeos7So.1lo0s, and ~0.25 W m™ K™ for SnSege7S03lo0s at 770 K) (If more SnS alloyed, we
should consider the theoretical limit of the SnSe;.,Sy alloys.). And they are close to the lattice
thermal conductivity of the single crystals measured from b axis and ¢ axis from 673 K-773 K%.
The increased Seebeck coefficient by alloying, together with the lowered thermal conductivity
kept the power factor at ~4 pW cm™ K2 and increased the highest ZT to ~1.0 at about 773 K for
SnSep s7S0.110.03. This finding shows the first n-type Sn chalcogenide alloy also with decent peak

ZT. However, we must notice the low average ZT of tin chalcogenides, even worse than that of



lead chalcogenides. Through the combination of nanostructures and complex band structure, an
increased average ZT was obtained in Na-doped p-type PbTe/Ag,Te (300-750 K).*’ Due to the
stabilization of the optimal carrier concentration, an increase in average ZT was also achieved in
Na-doped Pbog;MgoosTe (300-750 K).*® Cr was recently found effective to increase the average
ZTs of PbSe* and PbTe;.,Se,® (300-873 K). HgTe was recently used to enhance the low average
ZT of SnTe (300-873 K).** Increased low temperature ZT could be expected in SnSe.
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Figure 8. Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, (c)
power factor, (d) thermal diffusivity, (e) total thermal conductivity, and (f) ZT for SnSeg.97-ySylo.03
(y =0, 0.1, and 0.3) measured along the hot pressing direction. The lattice thermal conductivity

of the single crystal measured from different directions is plotted in (¢) (open symbols) for



comparison®. Due to the very low electrical conductivity, the lattice thermal conductivity is very

close to the total thermal conductivity in our study (solid symbols).
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Figure 9. Optical absorption spectra and band gaps for undoped SnSe (black line), SnSeg 971003

(green line), SnSep g7S0.1l0.03 (red line), and SnSep 67S0.3l0.03 (blue line).

CONCLUSIONS

I-doped n-type SnSe polycrystal was successfully prepared by melting and hot pressing. The
electrons from iodine doping first decreased the hole carrier concentration and then increased the
electron carrier concentration to ~2x10*" cm™ in SnSeggloos. ZT Of ~0.8 at about 773 K was
obtained due to the intrinsic ultralow thermal conductivity in SnSegg71003. A higher ZT of ~1.0 at
about 773 K was achieved by alloying 10 atm. % SnS with 3 atm. % I-doping due to even lower
thermal conductivity. Although having potential peak ZTs (p-type: ZT = 2.6 at 923 K,? n-type:
ZT = 1.0 at 773 K), to actually use this environmentally friendly and economic material, the

average ZT needs to be increased.
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