Thermoelectric Performance of the 2D Bi>Si>Teg Semiconductor
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ABSTRACT: Bi2SizTes, a 2D compound, is a direct band gap semiconductor with an optical band gap of 0.25 eV, and is a prom-
ising thermoelectric material. Single-phase Bi:Si:Tes is prepared by a scalable ball-milling and annealing process and the
highly densified polycrystalline samples are prepared by spark plasma sintering. BizSi-Tes shows a p-type semiconductor
transport behavior and exhibits an intrinsically low lattice thermal conductivity of ~0.48 WmK-! (cross-plane) at 573 K. The
first-principles density functional theory calculations indicate that such low lattice thermal conductivity is derived from the
interactions between acoustic phonons and low-lying optical phonons, local vibrations of Bi, the low Debye temperature and
strong anharmonicity result from the unique 2D crystal structure and metavalent bonding of BizSizTes. The Bi:Si2Tes exhibits
an optimal figure of merit ZT of ~0.51 at 623 K, which can be further enhanced by the substitution of Bi with Pb. Pb doping
leads to a large increase in power factor S2c, from ~4.0 pWcm K2 of Bi2Si2Tes to ~8.0 pWcem-1K-2 of Bi19sPbo.02SizTes at 775
K, owing to the increase in carrier concentration. Moreover, Pb doping induces a further reduction in the lattice thermal con-
ductivity to ~0.38 WmK-! (cross-plane) at 623 K in Bi1.9sPbo.02Si2Tes,. The simultaneous optimization of the power factor and
lattice thermal conductivity achieves a peak ZT of ~0.90 at 723 K and a high average ZT of ~0.66 at 400-773 K in
Bi1.98Pbo.02SizTes.

requires either high S?c or low k.16 Therefore, to achieve
high thermoelectric performance, ongoing efforts in ther-

Bl INTRODUCTION

The thermoelectric energy conversion technology is of im-
portance in increasing energy efficiency as it allows the di-
rect conversion of heat energy to electricity,’? thus lots of
thermoelectric generator prototypes have been developed
using bismuth antimony telluride, GeTe, PbTe, half Heu-
slers, silicides, SnSe and so on in recent years.*° To gener-
ate power efficiently from heat, it is desirable that the ther-
moelectric materials employed in generator have high di-
mensionless figure of merit (ZT), expressed as ZT = S20T/x,
where S is the Seebeck coefficient, o is the electrical conduc-
tivity, T is the absolute temperature, x is the thermal con-
ductivity (S%o is referred to as the power factor). 10-15 High
energy conversion efficiency requires high ZT, which in turn

moelectric research are focused on the exploration of mate-
rials with intrinsically low thermal conductivity,!” such as
MgsSb2,18 SnSe»,'? BiCuSe0,2° Cu12Sb4S13,2! CuzS,?2 AgCuTe,?3
SnSe,2428 AgGaTez2,2° CuSbSe2,3% 31 and AgSbTez!. Interest-
ingly, many of these compounds have a 2D layered crystal
structure with anharmonic and weak interlayer chemical
bonding (e.g. van der Waals bonding).3

Recently, we demonstrated that Sb2Si>Tes with a 2D lay-
ered structure is a potential p-type high-performance ther-
moelectric material, 3233 it exhibits a peak ZT of ~1.08 at 823
K. Bi2Si2Tes?#3¢ is an analog of Sb2SizTes, which also crystal-

lizes in the same rhombohedral symmetry (space group R3
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) with three crystallographic positions [Bi(6c), Si(6c), and
Te(18d)]. Single-crystal Bi:Si.Tes was grown via chemical
vapor deposition in approximately two months, and was re-
ported to exhibit an inherently low lattice thermal conduc-
tivity (~0.84 WmK1 at 320 K) and moderate Seebeck coef-
ficient (~120 pVK? at 320 K), which is similar to that of
Sb2Si2Tee.32 However, the electrical conductivity of Bi2Si2Tes
isonly ~106 S/cm at 320 K, about one-fifth of Sb2Si2Tes, re-
sulting in a low value of peak ZT (~0.12) at 500 K. The de-
velopment of convenient preparation processes of high-
quality samples will promote further investigation of the
properties and thermoelectric performance of BizSizTes.

Herein, we report a scalable and efficient method to pre-
pare bulk quantities of single-phase polycrystalline
BizSi:Tes through ball-milling and annealing. Densified
BizSi2Tes pellets are obtained by spark plasma sintering
(SPS). They exhibit the p-type electrical transport behavior,
a low lattice thermal conductivity [~0.48 Wm-K (cross-
plane) at 573 K], and a peak ZT value of 0.51 (cross-plane)
at 623 K. We confirm that BizSi2Tes is a direct band gap sem-
iconductor with an optical band gap of ~0.25 eV. Our den-
sity functional theory (DFT) calculations reveal that the in-
trinsically low lattice thermal conductivity mainly resulted
from the interactions between acoustic phonons and low-
lying optical phonons, low Debye temperature, and strong
anharmonicity in Bi:Si-Tes. Furthermore, we reveal that Bi
substitution with Pb enhances the hole carrier concentra-
tion and power factor of Biz2Si2Tes, and further suppresses
heat propagation in BizSi2Tes, owing to the strengthened
point defect phonon scattering. Consequently, the simulta-
neous optimization of electrical and thermal transport
properties through Pb doping achieves a peak ZT of ~0.90
(cross-plane) at 723 K for Bi1.osPbo.o2SizTes.

B RESULTS AND DISCUSSION

1. Crystal structure, band structure and microstructure
2D Bi2Si2Tes is isostructural to Sb2SizTes and crystallizes in

rhombohedral symmetry space group R3, with the lattice
parameters of a = 7.265(1) A and ¢ =21.280(2) 4, as shown
in Figure 1 a, b. BizSizTes has a layered structure similar to
that of Fe2P2Se¢,37 in which one-third of the cation sites are
occupied by Si-Si dimers, and Bi3* ions form a honeycomb
lattice in the ab plane. Bi2Si2Tes layers stack along the c-axis
(Figure 1a), with an interlayer distance of ~3.92 A, which is
commonly called as van der Waals gap. However, it is also
noted that the interatomic distance in BizSizTes is shorter
than the sum of the van der Waals radii of two Te atoms
(~4.12 A),38 indicating a stronger coupling across the gap
than the theoretical one of a common Te-Te van der Waals
bonding. Such an unconventional bonding has been recently
regarded as ‘metavalent bonding’,3%-4! which has been ob-
served in several chalcogenides, including layered V:VI3
compounds (Bi:Tes, BizSes, SbzTes, and [-As2Tes), 42 GeTe,*?
GeSe,** SnTe** and so on. The metavalent bonding is ex-
pected to create large Born effective charge, unique atomic
vibration property, high lattice anharmonicity (large
Griineisen parameter), high Seebeck coefficient, high opti-
cal dielectric constant and low lattice thermal conductivity,

4244 thus favorable for thermoelectric materials. Polycrys-
talline Bi2Si2Tes samples were synthesized by a ball-milling
and annealing method [see experimental details in the Sup-
porting Information (SI)]. Our Rietveld refinement of the
powder X-ray diffraction (XRD) patterns (Figure 1c) con-
firms the formation of single-phase Bi2Si2Tes (rhombohe-
dral, a=7.270(8) A and ¢ = 21.343(3) A), which agrees well
with the theoretically simulated single crystal data (ICSD
collection code. 195338). BizSi.Tes powders have plate-like
non-uniform grain size distribution; the size ranges from
hundreds of nanometers to several micrometers (Figure S1
in the SI).

DFT calculations (Figure 1d) and electronic absorption
spectroscopic characterization results (Figure S2 in the SI)
reflect that Bi:Si:Tes is a direct bandgap semiconductor
with a narrow optical band gap Eg of ~0.25 eV, much lower
than that of Sb2SizTes (~0.60 eV).32 It is noted that the DFT
predicted band gap is lower than the optical one due to the
inadequate description of the electronic properties by DFT.
In addition, the density of states effective masses (mq*) for
electrons and holes were found to be ~0.14 mo and ~0.16
mo (mo is the free-electron effective mass) by fitting the
band structure around the conduction band minimum and
valence band maximum using the following equation: m* =
h?/(d2E/dk?), respectively. The mq4" of Bi2Si>Tes was smaller
than that of Sb2Si2Tes, which possesses the mq* values of
~0.36 mo and ~0.66 mo for electrons and holes respec-
tively.32 Pb-doped Bi2Si2Tes samples (BizxPbiSi2Tes, x=0.01,
0.02, 0.03 and 0.04) were also prepared using the ball-mill-
ing and annealing process. The Bragg peaks (Figure 1e) for
all the Pb-doped BizSi2Tes samples were well indexed to the
trigonal Bi:Si2Tes (ICSD collection code. 195338), while an

enhanced relative intensity of {Oli} facets was observed in
the Pb-doped Bi:Si:Tes than pure one because of the for-
mation of nanoscale grains as we discussed below.

Figure 2 shows the field emission scanning electron mi-
croscopy (FESEM) images of BizxPbiSi2Tes pellets (x=0,
0.02, and 0.04) obtained by SPS. The pellets are composed
of randomly arranged flake clusters, whose average grain
size gradually decreases, from ~20 um in pristine BizSi-Tes
to ~10 pm for Bi1osPbo.04SizTes (Figures 2a-f). Moreover,
even nanoscale grains were readily observed in the
Bi196Pb0.04Si2Tes sample (Figures S3 in the SI), indicating
that Pb doping possibly suppresses the atomic diffusion and
grain boundary movement during the recrystallization pro-
cess of BizSizTes, thus curbing the enlarging of grain size.
The nanograins were characterized by scanning transmis-
sion electron microscopy (STEM) (Figure 3a) coupled with
energy-dispersive X-ray spectroscopy (EDXS, Figure 3b). Bi,
Si, Pb and Te were found to distribute uniformly in
Bi1.96Pbo.04Si2Tes, without obvious compositional differ-
ences between the nanograin and adjacent microscale
grains. The XRD, FESEM and transmission electron micros-
copy (TEM) results indicated that Pb doping can reduce the
grain size of Bi:SizTes, but allows the maintenance of its
crystal structure and phase.

In addition, we performed TEM of a separated flake for
Bi1.98Pbo.02Si2Tes obtained by ultrasonic dispersion (Figure
3c). We observed that the flake constituted of several plates
(Figure 3d) with nanoscale thickness, which is in good



agreement with the FESEM results (Figure 2). The corre-
sponding selected area electron diffraction (SAED) pattern
(inset of Figure 3e) of the multiple plates zone exhibits a
clear rhombohedral symmetric Bragg spot pattern indexed

to BizSi2Tes (space group R3) along the [001] zone axis. This
indicates that the Bi:Si.Tes flake grows laterally along its ab
plane during SPS process, since the obtained powders are
irregular (Figure S1 in the SI). In addition, the results of
high-resolution TEM images (Figure 3f, g) also indicate that
the nanoplates are single-crystallized and have the same
growth orientation (i.e., along ab plane) in the single flake.

2. Thermoelectric properties

Figure 4 shows the thermoelectric properties of the Biz-
xPbxSiz2Tes pellets (x = 0, 0.01, 0.02, 0.03, and 0.04) and
Sb2Si2Te¢ (for comparison). Considering the possible anisot-
ropy that can originate from the lamellar morphology of the
grains and the layered crystal structure, we measured the
electrical and thermal transport properties in two direc-
tions: perpendicular to the SPS pressure (mostly in-plane
direction) and parallel to the SPS pressure (mostly cross-
plane direction) (see Figure S4 in the SI). In general, the
electrical conductivity of Bi:Si.Tes along the in-plane direc-
tion (~ 88.8 S/cm) is slightly higher than that along the
cross-plane direction (64.2 S/cm) at room temperature. The
electrical conductivity of Bi2Si2Te¢ reveals its semiconduc-
tor behavior and increases with temperature in the range of
310-473 K. The activation energy!° is estimated to be ~0.03
eV. After 473 K, the electrical conductivity gradually de-
creases to a minimum value, i.e., 88.9 S/cm (in-plane) and
77.5 S/cm (cross-plane) at 673 K, and then slightly in-
creases due to the rise in the thermally activated carrier
concentration induced by intrinsic excitation.

The Seebeck coefficients of Bi:Si-Te¢ are positive (reflect-
ing its p-type transport nature), and increases from 122
uVK1 (in-plane) or 124 pVK?! (cross-plane) at 310 K to a
maximum of 229 pVK?! (in-plane) or 237 pVK? (cross-
plane) at 623 K, Figure 4b. Above this temperature, the on-
set of intrinsic excitation (i.e., bipolar conduction) is ob-
served, causing a decrease to 199 pVK! (in-plane) or 201
UVK1 (cross-plane) at 773 K, similar to other semiconduc-
tors (e.g., BizTes,* 5, InsSes.«* and MgAgSb*®) with a narrow
band gap. It is noted that the Goldsmid-Sharp band gap is
~0.29 eV, estimated using the maximum value Seebeck co-
efficient (Eg=2eSmaxTmax),*> which is consistent with the op-
tically measured one (~0.25 eV, Figure S2 in the SI).

The Seebeck coefficients of BizSi2Tes are slightly higher
than its analog Sb2SizTe¢ at 310-723 K, as shown in Figure
4b. However, the electrical conductivity of BizSi>Tes is much
lower than that of Sb2SiTes over the entire temperature
range of measurements (i.e., 310-773 K). For instance, the
room-temperature electrical conductivity is 531.9 S/cm (in-
plane) or 510.0 S/cm (cross-plane) for Sb2Si:Tes, which is
almost six (in-plane) to eight (cross-plane) times higher
than that of Bi:Si2Tes. Hall effect measurements (Figure S5)
show that the Hall mobility for BizSi>Tes is 57 cm?V-1s! (in-
plane) or 51 cm?V-1s! (cross-plane) at room temperature,
which is only slightly lower than that of Sb:Si:Tes [i.e., 60
cm?V-1s1 (in-plane) or 59 cm?V-1s! (cross-plane)].3! How-
ever, the room-temperature carrier concentration of

BizSizTes is 9.8 x 108 cm-3 (in-plane) or 7.9 x 108 cm-3
(cross-plane), which is much lower than that of Sb2Si:Tes
[i.e, 5.6 x 10 cm?3 (in-plane) or 5.4 x 101 cm™ (cross-
plane) arises from Sb vacancies].32 The lower carrier con-
centration of BizSizTes is the main reason for its lower elec-
trical conductivity than that of Sb2Si2Tes. The low electrical
conductivity of BizSi2Tes leads to low power factor S?c of
~3.9 yWcm K2 (in-plane) or ~3.4 yWcm K2 (cross-plane)
at 773 K, which is approximately one-third that of Sb2SizTes,
as shown in Figure 4c. Therefore, it is important to enhance
the hole concentration to increase the electrical conductiv-
ity of Bi2SizTes.

Inspired by this, the substitution of Bi sites with Pb was
carried out to create hole carriers, because of the hole do-
nating nature of Bi, as follows:

BizSizTeg 1 .

Pb —— Pbg;+h 1)
As a result, the hole -carrier concentration of
Bi1.96Pb0.04SizTes (i.e., x=0.04) increased to ~9.7x101° cm3 at
room temperature, which is an increase of one order of
magnitude compared to that of BizSizTes and also consider-
ably higher than that of Sb2Si2Tes. The Hall mobility, how-
ever, reduced upon Pb doping, owing to the enhanced scat-
tering of holes by induced point defects Pbsi’. While the
room-temperature Hall mobility of BiissPbo.04Si2Tes re-
duced slightly owing to the enhanced carrier scattering by
Pbsi’, which is 40 cm?V-1s-! (in-plane) or 37 cm?V-1s1 (cross-
plane).

Because of the large enhancement in carrier concentra-
tion, the electrical conductivity of BizSi:Tes is significantly
enhanced by Pb doping, as shown in Figure 4a. Specifically,
the electrical conductivity is 292.9 S/cm (in-plane) or 250.8
S/cm (cross-plane), 468.2 S/cm (in-plane) or 421.5 S/cm
(cross-plane), 559.5 S/cm (in-plane) or 528.3 S/cm (cross-
plane), and 620.1 S/cm (in-plane) or 582.9 S/cm (cross-
plane) at 310 K for Bii99Pbo.01SizTes, Bi19sPbo.02SizTes,
Bi1.97Pbo.03SizTes, and Bi1.96Pbo.04SizTee, respectively. In addi-
tion, the electrical conductivity of Bi2.xPbSi2Tes (x = 0.01,
0.02, 0.03, and 0.04) decreases monotonically with increas-
ing temperature, which is representative of the typical
heavily doped semiconductor behavior.

The Seebeck coefficients of BizSi.Tes gradually decreases
with increasing amount of doped Pb (Figure 4b), which is
consistent with the increase in the carrier concentration, as
given by Mott expression.*> For example, the room-temper-
ature Seebeck coefficients of  Bi1.99Pbo.01Si2Tes,
Bi1.98Pbo.02Si2Tes, Bi1.o7Pbo.03SizTes and BiiosPbo.osSi2Tes are
121 pVK? (in-plane) or 114 uVK?! (cross-plane), 91 pVK-1
(in-plane) or 94 pVK-! (cross-plane), 75 uVK-! (in-plane) or
74 uVK1 (cross-plane), and 69 uVK-1 (in-plane) or 69 uVK-1
(cross-plane), respectively. In addition, the Seebeck coeffi-
cients of Pb-doped samples increase with the rising temper-
ature from 310 K to 773 K, also indicating the heavily doped
semiconductor behavior.

Derived from the measured electrical conductivities and
Seebeck coefficients, the temperature-dependent thermoe-
lectric power factors of Bi2xPbxSi2Tes (x=0, 0.01, 0.02, 0.03
and 0.04) are depicted in Figure 4c. In comparison with
pristine Bi2Si.Tes, Pb-doped samples exhibit considerably
higher power factors at 300-773 K because of the consider-
able increase in electrical conductivity. Especially, the S2o of



Bi197Pb0.03SizTes (x = 0.03) reaches 8.3 uWcem K2 (in-plane)
or 8.9 yWem-1K-2 (cross-plane) at 773 K, which is more than
twice that of pure BizSizTes [3.9 pWcem-1K-2 (in-plane) or 3.4
puWem-1K-2 (cross-plane)]. More importantly, such high S?c
of Bi1.97Pbo.03Si2Tes is close to that of Sb2Si>Tes [9.9 pWcem-
1K-2 (in-plane) or 9.7 uyWcem K2 (cross-plane)], indicating
that the substitution of Bi sites with Pb is highly effective in
enhancing the electrical transport properties of Bi.SizTes.

The thermal conductivity of pristine Bi2Si2Tes (Figure 4d)
along the in-plane direction is also slightly higher than that
along the cross-plane direction, which is ~1.06 Wm K- (in-
plane) or ~0.89 Wm-K" (cross-plane) at 310 K, respec-
tively. With increasing temperature, the thermal conductiv-
ity decreases to a minimum value of ~0.67 WmK-! (in-
plane) or ~0.57 Wm-K! (cross-plane) at 623 K as lattice vi-
bration increases with rising temperature, and then in-
creases to ~0.76 Wm-K! (in-plane) or ~0.64 Wm1K!
(cross-plane) at 773 K as bipolar conduction process occurs.

The electronic contribution to the total thermal conduc-
tivity is commonly evaluated using the Wiedemann-Franz
law: electronic contribution k. = LTo, wherein L is the Lo-
renz number and evaluated by an empirical formula L =
1.5+exp(-|S|/116).4” The corresponding results are plotted
in Figure S6. The lattice thermal conductivities, ki, obtained
by subtracting k. from total x, are shown in Figure 4e. It is
observed that the ki of BizSizTe¢ is very low (<1 Wm-K1)
over 300-773 K. It decreases from ~1.01 Wm-K! (in-
plane) or ~0.85 WmK-! (cross-plane) at 310 K to the mini-
mum value of ~0.56 Wm-K! (in-plane) or ~0.48 WmK-!
(cross-plane) at 573 K, and then increases up to ~0.63 Wm-
1K1 (in-plane) or ~0.53 Wm-1K! (cross-plane) at 773 K due
to the sizable heat propagation induced by the well-known
bipolar effect. This intrinsically low lattice thermal conduc-
tivity of Bi:Si:Tes is even lower than that of SbzSi:Tes
[whose minimum ki is ~0.51 Wm-K! (in-plane) or ~0.48
Wm-1K (cross-plane) at 823 K], as well as the well-estab-
lished thermoelectrical materials (e.g.,, CoSbs,*8 SnTe,** 50
PbS,51.52 PbTe,53 54 and half-Heusler>>). Therefore, BizSi2Tes
is applicable as a thermoelectric material.

Upon Pb doping, the overall thermal conductivity of
BizSi:Tes increases over the whole measured temperature
range (Figure 4d) because of the enhancement of the elec-
tronic thermal conductivity. For example, the thermal con-
ductivities of Bi1.99Pbo.01Si2Tes, Bi1.08Pbo.02Si2Tes,
Bi1.97Pb0.03Si2Tes, and Bi1gsPbo.04Si2Tes are ~1.30 (in-plane)
or ~1.11 WmK! (cross-plane), ~1.21 (in-plane) or ~1.20
Wm-1K (cross-plane), ~1.77 (in-plane) or ~1.53 Wm-K-!
(cross-plane), and ~1.80 (in-plane) or ~1.56 Wm1K1
(cross-plane) at 310 K, respectively.

In addition, the already low lattice thermal conductivity
of Bi2Si2Tes further slightly decreases upon Pb doping (Fig-
ure 4e). Because the atomic mass and radius for Pb and Bi
are very close and the micro-scale average grain size, the in-
fluence of point defect (Pbsi’) and grain-boundary phonon
scattering is marginal. We attribute the reduction in lattice
thermal conductivity to the extra phonon scattering by
nano-grains and the enhanced electron-phonon interac-
tion>¢ caused by the largely enhanced carrier concentration
in Pb doped Bi:Si>Tes. In which, Bi1.9sPbo.02Si-Tes was found
to exhibit the lowest lattice thermal conductivity of ~0.43
Wm-1K1 (in-plane) or ~0.38 Wm-K! (cross-plane) at 623 K

in BizxPbsSi2Tes system, which is comparable with thermo-
electric materials with ultralow lattice thermal conductivi-
ties, such as Rb2BisSe13,5” AgBisSs,58 AgoAlSes,>® and
AgCuTe.23 In addition, the bipolar thermal conductivity of
BizSi2Tes was suppressed by Pb doping in the intrinsic con-
duction region (573-773 K), especially of Bi1.97Pbo.03Si2Tes
and Bi196Pbo.04Si2Tes. We attributed it to the largely en-
hanced hole concentration, as observed in other narrow
band gap semiconductors.®0 61

Figure 4f shows the temperature-dependent ZT values of
Biz2xPbsSizTes (x =0, 0.01, 0.02, 0.03, and 0.04). BizSi2Tes ex-
hibits the optimal ZT value of 0.49 (in-plane) or 0.51 (cross-
plane) at 623 K, which gradually reduces to 0.40 (in-plane)
or 0.42 (cross-plane) at 773 K, respectively. The ZT value of
Biz2Si2Tes is lower than that of Sb2Si2Tes, whose optimal ZT
value is 1.05 (in-plane) or 1.08 (cross-plane) at 823 K. We
ascribe the decrease in ZT to the lower electrical conductiv-
ity of Bi2Si2Tes than Sb.Si2Tes caused by its low carrier con-
centration, and the higher thermal conductivity of Bi2Si-Tes
than Sb.Si:Tes caused by intrinsic excitation. Subsequently,
significant enhancement of the electrical conductivity and
suppression of the bipolar effect were achieved through Pb
doping. Bi1.9sPbo.02Si2Tes exhibited the highest thermoelec-
tric performance with a peak ZT of 0.80 (in-plane) or 0.90
(cross-plane) at 723 K, almost twice the value of Bi:Si:Tes
[e.g., 0.45 (cross-plane) at 723 K]. More importantly, ac-
cording to the following equation:®2

ZTpe = — fTZ "ZT dT 2)

Th=Tc

where Th and Tcare the hot-side and cold-side tempera-
tures, respectively. We calculated the average ZT of
Bi198Pbo.02Si2Tes, which is ~0.66 along the cross-plane di-
rection at 400-773 K (Figure S7 in the SI), which is ~60%
higher than that of pure Bi:Si.Tes (0.41, cross-plane) and
nearly equal to that of Sb2Si2Tes (~0.67 in 400-823 K). Such
a high average ZT is comparable to those of the well-estab-
lished PbSe- and SnTe-based thermoelectric materials®3 64,
implying the high potential of Pb-doped Bi2Si2Tesin thermo-
electric power generation.

3. Origin of low lattice thermal conductivity

To get a better insight into the intrinsically low lattice ther-
mal conductivity of Bi:Si.Tes, we performed first-principles
DFT calculations on its phonon dispersion spectrum, Figure
5a. The three phonon dispersion branches originate from
the I'-point corresponding to acoustic modes, including two
transverse modes (TA and TA") and a longitudinal mode
(LA). Frequency q for these acoustic branches increases to-
ward the Brillouin zone boundaries and saturate at ~18-38
cm-1. At this wavelength, the TA mode shows a quadratic
energy dispersion relation, while the TA' and LA modes
show a normal linear dispersion near the T point, which is
in accordance with the structural properties of BizSi2Tes. In
addition, we noted many soft (low-lying) optical modes in
this compound, especially at the zone center (' point), with
frequency as low as ~17 cm™1, even much lower than that
observed in Sb2SizTes (~25 cm1). These soft optical modes
overlap with the acoustic branches, leading to strong mixing
and highly nonlinear dispersion curves away from the cen-
ter of the Brillouin zone. The atom-projected phonon DOS in
Figure 5b shows that the low-frequency optical modes at
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the Brillouin zone center are dominant contributions from
the local vibrations of Bi ions, followed by Te ions in the dis-
torted [BiTes] octahedral (Figure S8 in the SI). The interac-
tions between acoustic phonons and low-lying optical pho-
nons are conducive to low lattice thermal conductivity.65 6

The longitudinal Debye temperature (6p) and phonon ve-
locity for these acoustic modes, evaluated on the basis of the
acoustic phonon dispersion, are 40 K and 2035 m/s, 45 K
and 2149 m/s, and 48 K and 2070 m/s along the I'-Z, I'-X,
and I'-L directions, respectively. Such low Debye tempera-
ture values indicate a high density of low energy phonons
and weak atomic bonding in BizSizTes. In addition, we plot-
ted the dispersion of the Griineisen parameters in BizSi2Tes
to quantitatively estimate the strength of the anharmonic-
ity; the plots are shown in Figure 5c. The Griineisen param-
eters (y) for the TA mode of Bi:Si-Tes is higher than 6 at T
point, which is comparable with that of Sb2Si>Tes; while the
y for the TA" and LA modes of Bi:SizTes are lower than 2 at
' point, lower than that of Sb2Si2Tes (yra’ ~5, y.a ~ 6 at T
point).32 It indicates the TA mode is highly anharmonic and
interacts strongly with other acoustic phonons in BizSizTes.
This behavior originates from the out-of-plane vibration of
Bi and Te atoms (Figure 4b). The low Debye temperature
(<50 K) and strong anharmonicity (i.e., the large Griineisen
parameters) are also able to account for the low lattice ther-
mal conductivity of BizSi2Tes, as observed in other thermo-
electric materials,®% 67 according to the following equation:

3

where M and V are the average atomic mass and average
atomic volume, respectively. Fundamentally, the low-lying
optical phonons, low Debye temperature, large anharmon-
icity, and high Griineisen parameters (y) for the TA mode
further reflect the existence of so-called metavalent bond-
ing in BizSi2Tes, which is expected to induce ultralow lattice
thermal conductivities. 3944 Therefore, we further calcu-
lated the lattice thermal conductivities using the De-
bye-Callaway formalism®® along the a-, b-, and c-axes, re-
spectively, as well as the average lattice thermal conductiv-
ities (Figure 5d). In particular, the average lattice thermal
conductivity of Bi:SizTes is 1.77 Wm1K? at 300 K, which
falls to an ultralow value of 0.63 Wm-K-1 at 800 K (see lat-
tice thermal conductivity calculations in the SI). Our DFT
calculations reflect the significant contribution of the inter-
actions between acoustic phonons and low-lying optical
phonons, low Debye temperature, and strong anharmonic-
ity caused by so-called mentavalent bonding toward the low
lattice thermal conductivity.

_mv/3ed
KL— 2
v<T

B CONCLUDING REMARKS

This work reported a scalable ball-milling and annealing
method to synthesize the 2D Bi:Si2Tes semiconductor. DFT
calculations showed that Bi2Si2Tes has strong interactions
between acoustic phonons and low-lying optical phonons,
low Debye temperature, and strong anharmonicity. These
features enable Bi2Si2Tes to have a low lattice thermal con-
ductivity of ~0.56 WmK! (in-plane) or ~0.48 Wm1K-!
(cross-plane) at 573 K, even lower than those of its analog
Sb2Si2Tes at the same temperature. Moreover, the electron
accepting nature of Bi atoms upon Pb doping leads to a large

increase in hole concentration and promotes the transition
to degenerate transport behavior that enhances the power
factors. The cross-plane power factor reaches to 7.6 ptWcm-
1K-2 (in-plane) or 8.0 pWcm-1K-2 (cross-plane) at 773 K for
Bi197Pbo0.03SizTes, which is more than twice the values of
BizSizTes. The enhanced power factor and low thermal con-
ductivity allowed the achievement of a peak ZT of ~0.90 at
723 K and a high average ZT of ~0.66 at 400-773 K in
Bi1.08Pbo.02Si2Tes. It was noted that the high average ZT is al-
most equal to that of Sb2Si2Tes and comparable to those of
PbSe- and SnTe-based thermoelectric materials, implying
that Bi2SizTes is a highly promising new thermoelectric ma-
terial. Furthermore, the smaller effective masses of elec-
trons and hole carriers predicted by the DFT calculations
and direct energy gap of this material suggest additional in-
teresting physical properties such as topological behavior
and radiation detection.

Bl ASSOCIATED CONTENT

Supporting Information

Experimental and computational details, including FESEM
images for Biz2.xPbxSi2Tes (x=0, 0.01, 0.02, 0.03 and 0.04)
powders, Fourier transform infrared spectroscopy of
Bi2Si.Tes, Hall carrier concentrations and mobilities, elec-
tronic thermal conductivities, average ZT values and dis-
torted [BiTes] octahedra, Figures S1-S9.
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Figure captions

Figure 1. Crystal structures of BizSi2Tes along the a-axis (a) and c-axis (b). (c) Rietveld refinement of the powder XRD pattern
of Bi2Si2Tes powders prepared by ball-milling and annealing. (d) Electronic band structures of Bi:SizTes. (¢) Powder XRD
patterns of Biz-xPbxSi2Tes (x = 0, 0.01, 0.02, 0.03, and 0.04).

Figure 2. FESEM images of (a, d) Bi:Si2Tes, (b, €) Bi1.osPbo.02Si2Tes, and (c, f) Bi1.osPbo.04Si2Tes pellets.

Figure 3. STEM annular bright field (ABF) image (a) and corresponding EDXS profiles of Bi1.o6Pbo.04Si2Tes (b), TEM images (c,
d), corresponding selected area electron diffraction (e) and high-resolution TEM images (f, g) of Bi1.osPbo.04SizTes.

Figure 4. Temperature-dependent (a) electrical conductivities, (b) Seebeck coefficients, (c) power factors, (d) thermal con-
ductivities, (e) lattice thermal conductivities, and (f) ZT values of Biz«PbxSi2Tes (x = 0, 0.01, 0.02, 0.03, and 0.04).

Figure 5. (a) Phonon dispersions, (b) projected phonon density of states (PDOS), (c) Griineisen dispersion spectrum, and (d)
calculated lattice thermal conductivities (krat) in the a-, b-, and c-axes of Bi2Si2Tes and its average lattice thermal conductivity.
The TA, TA and LA modes are plotted as red, green and blue respectively in panel a and c.
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Figure 1. Crystal structures of Bi2Si2Tes along the a-axis (a) and c-axis (b). (c) Rietveld refinement of the powder XRD pattern
of Bi2Si2Tes powders prepared by ball-milling and annealing. (d) Electronic band structures of Bi:Si:Tes. (¢) Powder XRD
patterns of Biz«PbxSi2Tes (x = 0, 0.01, 0.02, 0.03, and 0.04).

Figure 2. FESEM images of (a, d) BizSizTes, (b, €) Bi1.9sPbo.02Si2Tes, and (c, f) Bi1.osPbo.04Si2Tes pellets.
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Figure 3. STEM annular bright field (ABF) image (a) and corresponding EDXS profiles of Bi1.9sPbo.04Si2Tes (b), TEM images (c,
d), corresponding selected area electron diffraction (e) and high-resolution TEM images (f, g) of Bi1.osPbo.04SizTes.
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Figure 4. Temperature-dependent (a) electrical conductivities, (b) Seebeck coefficients, (c) power factors, (d) thermal con-
ductivities, (e) lattice thermal conductivities, and (f) ZT values of Biz«PbxSi2Tes (x = 0, 0.01, 0.02, 0.03, and 0.04).
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Figure 5. (a) Phonon dispersions, (b) projected phonon density of states (PDOS), (c) Griineisen dispersion spectrum, and (d)
calculated lattice thermal conductivities (kiat) in the a-, b-, and c-axes of Bi2Si2Tes and its average lattice thermal conductivity.
The TA, TA' and LA modes are plotted as red, green and blue respectively in panel a and c.
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