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thermal conductivity and a high ZT value of ~1.65 at 823 K.
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High-Performance Thermoelectrics
from Cellular Nanostructured Sb,Si>Teg

Yubo Luo,"? Songting Cai,® Shigiang Hao,* Florian Pielnhofer,* Ido Hadar,” Zhong-Zhen Luo,"?
Jianwei Xu,” Chris Wolverton,® Vinayak P. Dravid,® Arno Pfitzner,** Qingyu Yan,"*

and Mercouri G. Kanatzidis2¢*

SUMMARY

We introduce Sb,Si,;Te, as a high-performance thermoelectric material. Single-
crystal X-ray diffraction analysis indicates that Sb,Si,Te, has a layered two-
dimensional structure with Sb3* cations and [Si;Tes]® units as building blocks
adopting the Fe,P,Se, structure type. Sb,Si,Te, is a direct-band-gap semicon-
ductor with valence-band maximum and conduction-band minimum at the Z
pointin the Brillouin zone, where the band is doubly degenerate. Polycrystalline
bulk pellets of Sb,Si,Te, with randomly packed grains exhibit an intrinsically
high thermoelectric figure of merit ZT of ~1.08 at 823 K. We then create a
cellular nanostructure with ultrathin Si,Te3 nanosheets covering the Sb,Si;Te,
grains, which act as a hole-transmitting electron-blocking filter and at the
same time cause extra phonon scattering. This dual function of the cellular nano-
structure achieves an ultralow thermal conductivity value of ~0.29 Wm 'K’
and a high ZT value of ~1.65 at 823 K for Sb,Si,Te,, along with a high average
ZT value of ~0.98.

INTRODUCTION

Thermoelectric energy conversion technology using semiconductors is of broad in-
terest because it promises to create additional efficiencies in energy management
by harvesting the energy of waste heat and converting it to electrical power." For
this reason, there is a continuous search for new materials that can exhibit exception-
ally high efficiencies. The conversion efficiency of a thermoelectric power generator
is determined by the thermoelectric materials’ unitless figure of merit, ZT = S26T/x =
S%6T/(k. + k), where S, o, k, and T are the Seebeck coefficient, electrical conductiv-
ity, thermal conductivity, and absolute temperature, respectively. k. and x, are the
thermal conductivity contributed by charge carriers (electrons or holes) and pho-
nons, respectively. The S, o, and k. are generally counter interrelated making it
very challenging to maximize ZT.

Broad research effort worldwide has led to superior ZT values in lead antimony silver
telluride (LAST) with alloying and nanoinclusions,? all-scale hierarchical architec-
tures,” distorted electronic density of states” or convergent electronic band struc-
ture,” skutterudite with multiple-filled atom,® and half-Heusler with heavy band.’”
Alternatively, unusual thermoelectric single-phase compounds with peculiar behav-
iors have been studied, such as Cu,Se with liquid-like behavior,® GeTe with low sym-
metry,” AgeGaSe, with low cutoff frequency of acoustic phonons,wO and InsSes with
Peierls distortion."" In particular, the recently emerging materials with 2D crystalline
sheets'*”"” have shown great promise, most notably p-type'®"'? and n-type?? single
crystalline SnSe. The rapid advancement of thermoelectric materials has led to the
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Context & Scale
Thermoelectric materials promise
to create additional efficiencies in
energy management by
harvesting the energy of waste
heat and converting it to
electricity. We introduce 2D
Sb,Si;Te, as a promising new
high-performance thermoelectric
material. Sb,Si>Teg exhibits an
intrinsically high thermoelectric
figure of merit ZT value of ~1.08 at
823 K. We then devise a unique
cellular nanostructure by a post-
synthetic reaction strategy that
forms in situ Si;Tez nanosheets,
which serve as an effective barrier
to heat propagation, yielding an
~40% reduction in the already
very low lattice thermal
conductivity to ~0.29 Wm~ 'K~ at
823 K. The cellular nanostructure
enables a very high ZT value of
~1.65 at 823 K for this new
material and a high average ZT
value of 0.98 (400-823 K). We
describe the novel cellular
nanostructure design and a
single-step chemical route to
achieve it, highlighting a
potentially new and effective
general design strategy for
achieving high thermoelectric
performance.
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development of thermoelectric power generators. Several material systems are
being explored for thermoelectric power generator prototypes such as bismuth
telluride/skutterudite,?’ Cu,Se/Ybg 3C04Sb12,%? SnSe,?® PbTe,?* GeTe,?® and half-
Heusler”® based thermoelectric modules.

Here, we introduce Sb,Si>Teg, which exhibits impressive thermoelectric properties
and a cellular nanostructure concept, which can be used to further optimize its per-
formance. The crystal structure of the 2D hexatellurodisilicate compound Sb,Si;Te,
was determined from single-crystal X-ray diffraction (XRD) data at 293 K using a crys-
tal grown by high temperate reactions of Sb, Te, and Si;Tes activated by Cl,. We also
demonstrate preparation of pure polycrystalline Sb,Si,Teq powders on a large scale
using ball milling and annealing. The Sb,Si,Teq, thus, can be fabricated into poly-
crystalline pellets using spark plasma sintering (SPS).

Sb,Si;Teg exhibits a doped p-type semiconductor behavior, a high Seebeck coefficient
(~120 pVK~" at 300 K), an intrinsically low lattice thermal conductivity (~0.5 Wm ™~ 'K~ at
823 K), and a high ZT value of ~1.08 at 823 K. Furthermore, using a post-synthetic re-
action strategy (i.e., Te assisted SPS process), we form in situ a unique cellular
network-like nanostructure with ~5-20 nm ultrathin Si;Te; sheets placed between the
Sb,Si;Teg grains. The sheets of the wide-band-gap Si,Tes allow good hole transmission
as there is good valence band alignment between Sb,Si,Te, and Si;Tes, but actas a bar-
rier for heat propagation, resulting in a ~40% reduction in the lattice thermal conductiv-
ity to an ultralow value of ~0.29 Wm™'K™" at 823 K. This results in a peak ZT value of
~1.65 at 823 K and a high average ZT of ~0.98 (400-823 K) for cellular nanostructured
Sb,Si;Tey/SizTes composite. Our work reveals the great potential of Sb,Si;Te, for me-
dium-temperature thermoelectric power generation.

RESULTS AND DISCUSSION

Synthesis, Crystal Structure, Electronic Band Structure, and Microstructure
Plate-like single crystals of Sb,Si;Te, were obtained by reacting stoichiometric
amounts of Sb, Te, and Si,Te; at 873 Kiin an ~25 kPa Cl, atmosphere27 (see Exper-
imental Procedures for details). Its crystal structure was determined by single-crystal
XRD. Details of the data collection, structure solution, and refinement are given in
Tables 1 and 2. Tables S1-54 show the atomic coordinates, displacement parame-
ters, and geometric parameters (interatomic distances, angles, and torsion angles,
respectively) for Sb,Si;Te. The XRD crystallographic data indicate that the layered
Sb,Si;Te, adopts rhombohedral symmetry in space group R3 (No.148) and the
Fe,P,Se, structure type, with a = 7.167 (3) A and ¢ = 21.186 (17) A (Figures 1A
and 1B) (the cif file of Sb,Si,Te, has been deposited at Cambridge Crystallographic
Data Centre with a deposition number 1947640). This structure comprises stacked
Sb,Si,Te, slabs with Sb atoms and Si-Si dumbbells ordered inside the slabs. The
Sb atoms are located in the centers of Te octahedra (SbTey). The Si, dumbbells
are also located in similar octahedral pockets forming Si>Te, ethane-like groups.
These Sb,Si,Te, slabs stack along the ¢ axis forming van der Waals bonding in a
similar fashion to BiyTes.?® The inter-slab van der Waals Te-Te distances are
~3.95 A, in good agreement with the sum of the van der Waals radius of two Te
atoms (~4.04 A).?° Alternatively, the Sb,Si;Te, can be described as a compound
formed by Sb3* cations and ethane-like [Si;Teg]®™ anions.

Our density functional theory (DFT) electronic band structure calculations (Figure 1C)

show that Sb,Si,Tes is a direct-gap semiconductor with both the valence-band
maximum (VBM) and the conduction band minimum (CBM) located at the Z point
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Table 1. Crystallographic Data for Sb,Si,Tes by Single-Crystal X-Ray Diffraction

Empirical formula

Formula weight

SbZSizTeé
1,065.27 g/mol

Crystal habit black plate
Crystal system, space group trigonal, R3
Lattice parameters: a 7.167(3) A

Lattice parameters: ¢

21.186 (17) A

Volume 942.45 (9) A®
Number of formula units, Z 3

Calculated density 5.631 g/cm—3
Temperature 293 K
Wavelength AMo Ka) = 0.71073 A
Absorption coefficient 18.09 mm~"
0 range of data collection 3.3-28.3°

No. of reflections collected 1,020
Independent reflections 455

No. of refined parameters 18

No. of restraints and 0,0
constraints

RIF? > 26(F?)] 0.017

WR(F?) 0.044

R = NPl = Fl/SSIFol wR = (S wlFe] — [F/ SowlFoY '

(0, 0, 1/2) in the Brillouin zone (Figure $1).%° The band degeneracy of the VBM and
CBM is 2 at the Z point based on the rhombohedral lattice symmetry. The doubly
degenerate valence band is beneficial to high Seebeck coefficient (S), as S is propor-
tional to density-of-states (DOS) effective mass mg* and mg* = N,#3my*; here, N,
and mp* are the band degeneracy and band effective mass of a single valley,
respectably.5 The my* are ~0.26 mg and ~0.47 mq (mg is charge effective mass)
for electrons and holes, respectively, by fitting the band structure around the CBM
and VBM using my* = h?%/(d?E/dk?). Accordingly, the DOS mass mg* are ~0.40 mq
and 0.73 mq for electrons and holes, respectively. The calculated holes mg* is higher
than p-type PbS (~0.4 mo)°" and PbSe (~0.28 mg),>? indicating a high Seebeck coef-
ficient can also be obtained in Sb,Si;Te,.

Considering the synthetic scalability of this material and potential thermoelectric ap-
plications, we further prepared Sb,Si;Te, using ball-milling and annealing processes
(see Experimental Procedures for details). To characterize the phase and purity of
the obtained Sb,Si;Tes, we conducted Rietveld refinement of the powder XRD
(PXRD) pattern using Fullrof program®® (Figure 1D). It indicates that Sb,Si,Te, can
be successfully prepared by this scalable method with a trace amount of Sb,Tes
(~0.6 wt %; Table S5).

Field-emission scanning electron microscopic (FESEM) imaging clearly shows that
the product is made of irregularly shaped microcrystals of 1~10 pm (Figure S2).
The measured optical band gap of Sb,Si;Tes is ~0.60 eV (Figure S3). Differential
thermal analysis measurements show that Sb,Si,Teq is thermally stable in the tem-
perature range of 300 K-920 K (Figure S4A) but decomposes into Sb,Te; and
SixTes (red crystals) at T > 920 K (Figure S4B).
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Table 2. Fractional Atomic Parameters and Equivalent Isotropic Displacement Parameters
Uiso*/Ueq (A2) for Sb2Si2Te6 at 293 K with Estimated Standard Deviations in Parentheses

X y z Useo*/Ueq
Tel 0.33392 (3) 0.33384 (3) 0.07429 (1) 0.0166 (1)
Sb2 0 0 0.16630 (2) 0.0206 (1)
Si1 1/3 2/3 0.11261 (8) 0.0132 (3)

The polycrystalline Sb,Si;Tes powders were then densified using spark plasma sin-
tering (SPS) to prepare bulk Sb,Si;Te, pellets. Considering the possible anisotropy
that can result from the 2D nature of the structure, we studied in detail the grain
orientation and microstructure. We also paid special attention to the electrical and
thermal transport properties in both in-plane (perpendicular to applied pressure)
and cross-plane (parallel to applied pressure) directions of the pellets (Figure S5A).
Figure S5B shows the PXRD patterns taken from polished surfaces of the pellets
along in- and cross-plane directions (with the scattering vector perpendicular to
the flat surfaces). No obvious grain alignment could be discerned in the PXRD pat-
terns, indicating that the pellets have a macroscopically isotropic grain-orientation
distribution in the cross-sections. The arbitrarily oriented grains, observed in Fig-
ure Sé, indicate a weak anisotropic character in these samples. In addition, we can
see that the grains in the sintered sample show randomly oriented lamellar features
with an average lateral size of 10~30 pm. The difference in shape and size of the
grains between the sintered pellet and the original powders (Figure S2) indicates
a recrystallization process occurred during SPS.

Thermoelectric Properties of Sb,Si;Te,

The essentially isotropic microstructure of the spark plasma sintered (SPSed) pellets
causes almost isotropic electrical and thermal transport properties. The electrical
conductivities (Figure 1E) decrease with temperature from ~532 S/cm (in plane)/
510 S/em (cross plane) at 310 K to 163 S/cm (in plane)/160 S/cm (cross plane) at
823 K, exhibiting a heavily doped semiconductor behavior (the hole-doped char-
acter likely arises from Sb vacancies in the structure, and we discuss it below). Hall
effect measurements show the Sb,Si;Te, has an intrinsically high hole concentration
of ~5.6 x 10"? cm~3 at room temperature, which is in the same order of magnitude
as bismuth antimony telluride®* and Mg,5n.*®

The Seebeck coefficients (Figure 1F) are consistent with the heavily doped p-type
semiconductor behavior and show weak orientation dependence, which continu-
ously increases from ~121 pVK™" (in plane)/125 VK=" (cross plane) at 310 K to
~239 WK (in plane)/238 VK=" (cross plane) at 823 K. We used a single parabolic
band model with acoustic phonon and point defects scattering dominant (scattering
parameter r = —1/2)**?” to analyze the charge carrier transport properties. The
experimental density-of-states effective mass mg* was estimated to be ~0.87 mq
at room temperature, which is slightly higher than the one estimated from the
calculated band structure (0.73 mp) and may result from the higher carrier concentra-
tion and temperature in the experiment. The room temperature Seebeck
coefficient (S) and mg* of Sb,Si;Te, are enhanced compared to other materials
with similar carrier concentrations (Table S6). For example, the values of Sb,Si;Te,
(121 uVK™", mg* = 0.87 mg) are much higher than SnCago3Te (37 uVK™', mg* =
0.28 mo),*® Nag 00sPbo.gesSe (37 VK™, mg* = 0.28 mg),>? and Pbg 975Nag 9255+2.0%
ZnS (55 pVK~', mg* = 0.40 mo),*" but are comparable to Tlg o2Pbg 9gTe (131 VKT,
mg* = 0.91 mg) with similar myg*,” Big 2Sb1 gTes (122 uVK ™", mg* = 0.94 mg) with triple
degenerate bands,*” and Pbg 9gNag.o2Te+6% MgTe (111 pVK™!, mg* = 1.18 mq)*°
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Figure 1. Crystal Structure, Density Function Theory Electronic Band Structure, Powder XRD
Pattern, and Thermoelectric Properties

(A and B) Crystal structure of Sb,Si,Te, along the a axis (A) and c axis (B). Blue, Sb atoms; black, Si
atoms; red, Te atoms. Selected distances of Sb-Te in Sb,Si,Te, are 3.0864(4) A and 3.0913(4) A.
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Figure 1. Continued

(C) Electronic band structure of Sb,Si,Te, indicates a parabolic band configuration and a direct
band gap.

(D) Rietveld refinement of the powder XRD pattern of Sb,Si;Teq.

(E-H) Temperature-dependent (E) electrical conductivities, (F) Seebeck coefficients, (G) thermal
conductivities, and (H) figure of merits ZT of Sb,Si,Te, pellet.

with convergent valence bands. Therefore, the high hole effective mass and doubly
degenerate bands at the Z point for Sb,Si;Tes are beneficial to the Seebeck
coefficient.

The in-plane thermal conductivities in SPSed Sb,Si,Te, samples (Figure 1G) are low
and decrease from ~1.33 Wm~'K™" at 310 K to ~0.74 Wm~'K~" at 823 K, and the
cross-plane ones decrease from ~1.26 Wm™'K™" at 310 K to ~0.69 Wm~'K™" at
823 K. The cross-plane thermal conductivity values are about 93%-96% of the in-
plane thermal conductivities in the temperature range of 310 K-823 K (Figure S7A).
The lattice thermal conductivities k|, obtained by subtracting the electronic thermal
conductivities (Figure S7B) are shown in Figure 1G. The in- and cross-plane k values
are also almost isotropic with a difference of less than 9% (Figure S7C) in the temper-
ature interval of 310 K-823 K and decrease from ~1.0 Wm~'K~" at 310 K to
~0.5Wm~ 'K " at 823 K.

The in- and cross-plane ZT values are approximately isotropic as a result of the weak
orientation related electrical and thermal transport properties (Figure 1H). Itis noted
that the cross-plane ZT values rise from ~0.19 at 310 Kto ~1.08 at 823 K. This value is
much higher than that of its isostructural materials CryGe,Te ! and In,GeyTeg. *?

Native Point Defects and Phonon Propagation in Sb,Si>Tes

We performed DFT calculations to better understand the native defects and phonon
propagation physics of Sb,Si;Tes. Figures 2A and 2B present the Fermi level-depen-
dent formation energy of various possible negatively charged point defects (Vsp, Vs,
Sbre, and Site) in Te- and Sb-rich environments, respectively. The defect formation
energies are evaluated as*®

Etom = Ea — Ep+ > mipy + q(AEs + Evew), (Equation 1)

where Eqand E, are the total energies for defective and defect free supercells, n;and
1, are the number of atoms being removed or added and the corresponding chem-
ical potential, g is the charge state of the defect, and AE and Eygy are the Fermi
energy and energy levels corresponding to the VBM, respectively.

We can see that the formation energy of Sb vacancy (Vsp°7) is always negative and
much lower than other possible point defects. This indicates that Sb vacancies are
the most stable native acceptor defects. They are easy to form and act as the domi-
nant native point defects in Sb,Si,Teq, leading to the high hole concentration in
Sb,SisTeg.

Figure 2C shows the phonon dispersion spectrum of Sb,Si;Tes. There is no imagi-
nary frequency to be found in the whole Brillouin zone, confirming the Sb,Si;Teq
structure as determined by our single crystal study is kinetically stable. The TA’
and LA modes show a normal linear dispersion around the I'-point, while the TA
mode (atomic motions along c axis) shows a quadratic energy dispersion relation
in frequency near the I point. We attribute the quadratic energy dispersion relation
to the point-group symmetry of the layered Sb,Si,Te,, as observed in other 2D

sys‘cems.“'45
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Figure 2. DFT Calculations of the Native Defect and Phonon Propagation Physics in Sb,Si>Te,
Fermi level-dependent defect formation energies for charged isolated point defects under (A) Te-
rich and (B) Sb-rich conditions, (C) phonon dispersive curves, and (D) Griineisen dispersions of
Sb,Si,;Te,. The transverse acoustic (TA and TA’) modes and the longitudinal acoustic (LA) mode are
colored by purple, green, and light blue, respectively in the phonon spectra (C). Similarly, the
Griineisen dispersions from TA, TA’, and LA are colored by purple, green, and light blue in (D).

The maximum frequency of acoustic phonon modes in Sb,Si;Te, is ~44 cm™’,
which is even lower than that of the well-known benchmark material SnSe
(~50 cm™")'® and Sb,Tes (~60 cm™").%° In addition, there are some low-frequency
transverse optical phonon modes gathered in the acoustic region (below
~44 cm™"). Atomic projected density of state analysis (Figure S8) suggests the
low-frequency optical modes mainly result from the low-frequency vibrations of
Sb and Te atoms, indicated by the peaks at ~35 cm™". This interaction implies a
coupling between the optical phonon modes and acoustic phonon modes, which
would enhance acoustic scattering, reduce the phonon relaxation time and shorten
the phonon mean free path.

Moreover, the phonon frequency shows a significant anisotropy along different di-
rections of the Brillouin zone consistent with the strongly 2D crystal structure. For
instance, the TA, TA’, and LA modes along the I'-Z direction (interlayer) are much
softer than that along I'-L and T'-X directions, in good agreement with the weaker
van der Waals interlayer bonding.

Typical dispersions of the Griineisen parameters vy of the acoustic modes are shown
in Figure 2D. The y values are high for the TA, TA’, and LA modes along these direc-
tions, with average values estimated to be 0.91, 1.85, and 4.81 along the I'-L, I'-X,
and I'-Z directions, respectively. The high Griineisen parameters along the I'-Z di-
rection imply a strong phonon anharmonicity in Sb,Si>Tes, which would strongly in-
fluence the phonon—-phonon Umklapp process, thereby limiting the lattice thermal
conductivity.

The phonon group velocity of each mode is given by v4 = dw/dk, where w and «
represent the vibrational frequency and wave vector, respectively.”” The phonon
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velocities are 1,250, 1,810, and 2,450 m/s for TA, TAY, and LA, respectively. The aver-
aged sound velocity is about 2,080 m/s, which is much lower than typical solid-state
materials (~3,000 m/s) and comparable to other well-established thermoelectric ma-
terials (e.g., SnTe, PbTe, and PbSe).*® Therefore, the low phonon group velocity, op-
tical, and acoustic phonon coupling along with the anharmonic phonon scattering
should be the origin of the intrinsically low lattice thermal conductivity in Sb,Si;Teg.

Formation of Cellular Nanostructured Sb,Si>Teg
Previous theoretical simulations®”>° and experimental studies®'>* have shown that
nanoscale shells can significantly suppress heat propagation within materials, even
in low thermal conductivity materials. However, such unique nanostructures are
not trivial to create because suitable direct chemical routes are lacking. Often,
they can be achieved by wet chemical approaches involving nanoparticles,”'~>*
which are difficult to scale up for practical applications. In Sb,Si,Tes, we have found
a straightforward post-synthetic reaction strategy to easily create a cellular nano-
structure wherein, the cellular network walls are made of Si;Te; second phase.
This was achieved by decomposing a small fraction of Sb,Si;Te, in liquid Te (e.g.,

10 wt %) at high temperature (Figure S9), as
Sb,Si; Tey — Sb,Tes +SirTes. (Equation 2)

This reaction develops ultrathin Si;Tes sheets forming a network acting as the cell
walls on Sb,Si;Teg grains acting as the cells. This happens on the crystal edges
and creates the products Sb,Te; and Si;Tes. Most of the reaction products dissolve
in liquid Te and are squeezed out of the pellets during the SPS process (hereinafter
referred to as Te processed) (Figures S10 and S11), leaving behind a 3D network of
thin nanosheets of Si;Tez covering the Sb,Si>Teq grains as we show below.

The Rietveld refinement of the PXRD pattern (Figure S12) shows that in the Te-pro-
cessed sample the weight fractions of residual Sb,Te; and Si;Te are ~2.4 and ~1.3
wt %, respectively (Table S5). In addition, backscattered electron (BSE) images (Fig-
ure S13) show that the residual Sb,Tes; tends to aggregate forming mesoscale
grains, which shows weak influence on the thermoelectric performance of Sb,Si;Teg
(Figure S14). FESEM images (Figure S15) of the fractured cross-section of the Te-pro-
cessed samples indicate that there is no apparent difference in the polycrystalline
microstructure (e.g., grains’ geometry and arrangement) of the sintered samples
compared to pristine Sb,Si;Te, (Figure S6).

The samples resulting from this process were examined with scanning/transmission
electron microscopy (S/TEM) with energy dispersive spectroscopy (STEM-EDS) to
investigate the interfaces at the Sb,Si;Tes grains. Figure 3 shows such images
from the 10 wt % Te-processed sample (10 Te). Mesoscale Sb,Si;Te, crystallites (Fig-
ure 3A) with multiple crystallographic orientations (e.g., [031], [010]) can be readily
observed from the high-resolution TEM images and the selected area electron
diffraction (SAED) patterns (Figures 3B-3E). In addition, the samples exhibit dense
intragranular dislocations (Figure 3F) with an areal dislocation density of ~6 X
10" cm?. This dislocation density is likely an underestimation given the presence
of invisible dislocations caused by extinction and orientation.>* In general, dense
dislocations are commonly observed in thermoelectric materials prepared by a
similar liquid-phase compaction method,® but they are mainly concentrated in
grain boundaries. Therefore, the observed dense intragranular dislocations are
formed in a different way, and are attributed to the high Sb vacancy concentration
in Sb,SisTeg, since the pristine Sb,Si;Te, itself also shows dense intragranular dislo-
cations (Figure S16).
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Figure 3. Scanning/Transmission Electron Microscopic Characterizations of 10 Te Sample

(A-C) Low magnified TEM (A), high-resolution TEM (B), and selected area electron diffraction
(SAED) (C) pattern taken along [031].

(D and E) High-resolution TEM (D) and SAED pattern (E) taken along [010].

(F) High-angle annular dark-field (HAADF) image.

(G) Corresponding energy dispersive spectroscopic (EDS) elemental mapping.

(H-J) Low magnified TEM (H and I) and high-resolution TEM (J) of the grain boundary.

(K'and L) SAED pattern of the area marked in (H) (K) and fast Fourier transformation (FFT) pattern of
the boundary marked in (J) (L).

High-angle annular dark-field scanning transmission electron microscopic (HAADF-
STEM) images, which are sensitive to chemical composition, show a sharp dark
contrast region at the grain boundary (Figure 3G). The dark region arises from the
lowest atomic number and should be Si rich. In addition, the corresponding
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Figure 4. Cellular Nanostructured Sb,Si,Tes/Si>Tes, Crystal Structure of Si>Tes, Band Alignment,

and Thermoelectric Properties

(A and B) Schematic illustration of the cellular nanostructure (A) and crystal structure of Si;Tes (B).

Silicon occupancies of Si1, Si2, and Si3 are 1/3, 1/2, and 1/6, respectively.
(C) Schematic illustration of band alignment.
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Figure 4. Continued

(D-H) The temperature-dependent cross-plane (D) electrical conductivities, (E) Seebeck
coefficients, (F) thermal conductivities, (G) lattice thermal conductivities, and (H) ZT values for
pristine Sb,Si;Teq and cellular nanostructured Sb,SizTey/SizTes processed by 10 wt % Te (10 Te),
respectively.

STEM-EDS elemental mapping characterization indicates the dark region is Si rich
but Sb poor. The thickness of the dark region is estimated to be ~5-20 nm
(Figures 3G-3l). Furthermore, the clear lattice fringes in the lattice resolved high-res-
olution transmission electron microscopy (HRTEM) image (Figure 3J), corresponding
SAED (Figure 3K), and fast Fourier transform (FFT) dots (Figure 3L) demonstrate that
the dark region is composed by highly crystalline Si;Tes. The FFT dots belong to
a-Si;Tes (white) and derive from the (300) and (101) planes with an angle of 13.5°,
which implies an axis zone compatible with the [010] direction of Si;Tes.

Band Alignment and Thermoelectric Properties of Cellular Nanostructured
Sb,Si>Tes/SizTes

The above microstructure characterization confirms the formation of cellular nano-
structured Sb,Si;Tes/Si;Tez nanocomposite (Figure 4A) by the post-synthetic reac-
tion route. The second phase Si;Tejs is also a 2D van der Waals semiconductor and
crystallizes in the trigonal space group P31c, with a = 7.430 (5) A and ¢ = 13.482 (7)
A (Figure 4B). Each layer consists of two planes of hexagonally close-packed Te
atoms, and orientational Si-Si dumbbells, which occupy 2/3 of the octahedral sites
defined the Te planes. It is noted that there are 28 possible positions in hexagonal
close-packed Te sublattice for eight Si atoms, thus the occupancy of Si sites and
the orientation of Si dumbbells are spread over these positions. The special 2D
and disordered structure of Si;Tes leads to an intrinsically low thermal conductivity
of ~0.4-0.5 Wm~"'K™" at room temperature.®’

The cellular nature of the nanostructure is composed of narrow band-gap majority
phase Sb,Si,Te, separated by the thin sections of the wide band-gap minority phase
Si,Tes. This arrangement has a favorable band alignment between the two phases in
which the valence band tops are close in energy allowing holes (majority carriers) to
transfer across but the conduction band bottoms are very different in energy thereby
creating a barrier for electrons (minority carriers).

The VBM energies (Ev) for Sb,Si;Te, and SiyTes, using photoemission yield
spectroscopy in air (PYSA) (Figure S17), are —4.99 and —4.86 eV, respectively.
The energy diagram is schematically shown in Figure 4C. The PYSA measure-
ments°® were performed on pure samples of Sb,Si;Te, and Si;Tez (Figure S18)
and described in the Supplemental Information. The energy difference of the
valence bands at room temperature between Sb,Si;Te, and Si;Te; is only
~0.13 eV, which is low enough to have negligible effect on the transmission
of holes across the Sb,Si;Tes/SioTes interface.’”®° We further estimated the
CBM energies (E.) of Sb,Si;Tes and Si;Tes using Ec = E, + Eg, where the
Si;Tes has an indirect band gap of ~1.02 eV and a direct band gap of ~1.92
eV (Figure S3B). The energy difference of the conduction bands is ~0.29 eV (in-
direct band) and ~1.19 eV (direct band) between Sb,Si;Tes and Si,Tez (Fig-
ure 4C). The high conduction band offset indicates that Si,Tes could block the
flow of electrons between Sb,Si;Te, grains, which is expected to enhance the

net Seebeck coefficient.®’?

Figures 4D-4H show the cross-plane thermoelectric properties of pristine Sb,Si;Teg
and cellular nanostructured Sb,Si;Tey/Si;Tes. The presence of the hole-transmitting
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electron-blocking filter (Si;Tes) created by the favorable valence band alignment has
a small effect on the carrier concentrations and mobilities which change from 5.46 x
10" ecm™3, ~58 cm?V 'S in pristine Sb,Si;Tes to 5.28 x 10" cm3,
~57 cm?V 71571 in Sb,SisTes/SisTes (10 Te; Table $7), which leads to a small conduc-
tivity decrease from ~510 S/cm to ~483 S/cm at room temperature (Figure 4D), and
a small Seebeck coefficients increase from ~238.1 pVK™' in Sb,Si,Te, to
~253.8 nVK™" in Sb,Si;Tey/Si Tes at ~823 K. As a result, the power factor S%g of
Sb,Si;Tes/SizTes is slightly higher than pure Sb,Si;Teg in the whole measurement
temperature range of 310-823 K (Figure S19).

Another important property of the cellular nanostructure is its lower thermal
conductivity (Figure 4F). The thermal conductivity of Sb,Si;Tes/Si;Tes is
~0.50 Wm~™'K™" at 823 K, which is ~28% lower than that of Sb,Si,Tes at 823 K,
respectively. This is mainly ascribed to the large drops in lattice thermal conductiv-
ities (Figure 4G). For instance, the lattice thermal conductivity of Sb,Si;Tes/SizTes
drops to only ~0.29 Wm™'K™" at 823 K, which is ~40% less than the value
(~0.48 Wm~'K™") of Sb,Si,Te, at 823 K. We attribute the large reduction in the
lattice thermal conductivity to the extra scattering of phonons by the nanoscale
Si;Tes sheets.

The large reduction in thermal conductivity achieves a peak ZT of ~1.65 at 823 Kiin
the cellular nanostructured Sb,Si;Tes/Si;Tes (Figure 4H). The average ZT values
(400-823 K) of Sb,Si,Teg and Sb,Si>Tes/SirTes are ~0.66 and ~0.98, an increase
of ~48% (Figure S20). Such a high ZT,4 value is comparable to other optimized envi-
ronmentally friendly thermoelectric materials (e.g., SnSe®® and BiCuSeO®), making
the cellular nanostructured Sb,Si;Te,/Si;Tez competitive for heat to electricity con-
version device applications. More importantly, the cellular nanostructured
Sb,Si,Tes/SiTes exhibits high thermal stability in microstructure (Figures S21 and
$22) and thermoelectric performance (Figures S23 and S24). The ZT values did not
vary by more than 5% even after 6 thermal cycles. Also, we estimated the phase com-
ponents of cellular nanostructured Sb,Si;Tes/Si;Tes after 6 thermal cycles (Fig-
ure S25) by the Rietveld refinement. The weight fractions of Sb,Tez and Si,Tes are
~3.1 wt % and ~1.7 wt %, respectively (Table S6), which are slightly higher than
that of as-prepared one.

Thermoelectric Properties of Cellular Nanostructured Sb,Si,Tes/Si,Tes
Composites as a Function of Te Amount

Figure 5 depicts the thermoelectric properties of cellular nanostructured Sb,Si; Tes/
Si;Tes created with different Te amounts (i.e., 5wt %, 10 wt %, and 15 wt %). Consid-
ering the possible grain alignment promoted by liquid Te,®® the thermoelectric
properties were measured along both in- and cross-plane directions of the pellets.
Like the pristine Sb,Si>Teq, the in- and cross-plane thermoelectric properties are
also nearly isotropic in these samples, indicating Te processing does not lead to a
substantial change in grain orientation.

The electrical transport properties of cellular nanostructured Sb,Si;Tes/Si;Tes sam-
ples created with 5 wt % Te (5 Te), 10 wt % Te (10 Te), and 15 wt % Te (15 Te) pro-
cessed samples are similar. For example, the cross-plane electrical conductivities
(Figure 5A) and Seebeck coefficients (Figure 5B) at ~823 K are ~157 S/cm and
~255.0 uVK ', ~154 S/cm and ~253.8 pVK™', and ~148 S/cm and ~260.7 uVK™'
for 5 Te, 10 Te, and 15 Te, respectively. These values result in similar power factors
in these samples (Figure 5C). In addition, only small differences in the thermal trans-
port properties were observed. For example, the cross-plane thermal conductivities
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Figure 5. Thermoelectric Properties of Cellular Nanostructured Sb,Si,Tes/Si,Tes Samples
Created with Different Te Amounts

Temperature-dependent in- and cross-plane (A) electrical conductivities, (B) Seebeck coefficients,
(C) power factors, (D) thermal conductivities, (E) lattice thermal conductivities, and (F) ZT values for
Sb,Si;Tes/SizTes samples created with 5wt % Te (5 Te), 10 wt % Te (10 Te), and 15wt % Te (15 Te).

(at ~823 K) are ~0.51 Wm~'K™", ~0.50 Wm~'K~" and ~0.55 Wm~ 'K~ for 5 Te,
10 Te, and 15 Te, respectively (Figure 5D), while the lattice thermal conductivities
(at ~823 K) are ~0.30 Wm~'K™", ~0.29 Wm 'K~ and ~0.35 Wm~"'K~", respectively
(Figure 5E).

The peak ZT values (at 823 K) for 5 Te, 10 Te, and 15 Te are 1.54, 1.56, and 1.39 along
in-plane direction and 1.63, 1.65, and 1.51 along cross-plane direction, respectively
(Figure 5F). These results show that Te amount has a small effect on the thermoelec-
tric performance of Sb,Si,Tes, because most of the reaction products (Sb,Te; and
SipTes) dissolved in liquid Te and were squeezed out during SPS.

We have revealed a chemical route to a unique cellular nanostructured Sb,Si>Tes/
Si,Tes that is a new promising p-type high performance thermoelectric material,
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although its large-scale application may be limited by the relative scarcity of tellu-
rium. The ultrathin Si;Tes effectively blocks the transmission of electrons while negli-
gibly affects the transmission of holes between Sb,Si,Te, grains, because of the well
matching valence band energies between Sb,Si,Te, and Si;Tes. Therefore, such
cellular nanostructure enables concurrent higher power factor and lower thermal
conductivity from 310 and 823 K, and reaches a ZT value of ~1.65 at 823 K with a
high average ZT value of ~0.98 (400-823 K). This suggests great potential for prac-
tical thermoelectric applications at medium temperatures. The cellular network
nanostructure design highlights a novel, general, and effective strategy for
achieving high thermoelectric performance from already excellent thermoelectric
materials, provided a viable single-step chemical route can be devised to achieve it.

EXPERIMENTAL PROCEDURES

Synthesis of Single Crystals of Sb,Si,Tes

Si;Tes was prepared by a stoichiometric reaction of Si wafers (99.999%) and Te
(99.999%) at 1,173 K in evacuated quartz ampoules. Then, stoichiometric starting
materials Sb, Te, and Si;Tes (2:3:1) and a small amount of CrCl; were mixed, evac-
uated, and sealed in quartz ampoules. CrCl; was used as Cl; source to activate Si,
because CrCl; decomposes at 873K:

CrCls 7K CrCl, +%C|2. (Equation 3)

The pressure of Cl, was estimated using the assumption of an ideal gas PV = nRT and
controlled at 25 KPa (873 K) for the synthesis of single crystalline Sb,Si,Te,. In which,
P andV are the pressure and volume of Cl, gas, n is the number of moles of Cl, gas, R
is the ideal gas constant, and T is the absolute temperature. The mixtures were
slowly heated to 873 K and kept there for 2 months. Besides the Sb,Si;Teq, a small
amount of Sb,Te; byproduct was also observed.'®

Synthesis of Polycrystalline Sb,Si,Te,

Polycrystalline pure phase of Sb,Si;Tes was synthesized by ball milling and anneal-
ing processes. High-purity Sb shots (99.9999%, American Elements), Si powders
(99.999%, 5N Plus, Alfa Aesar), Te shots (99.999%, American Elements), and stearic
acid (98.5%, Sigma Aldrich) were used as the starting materials. Stoichiometric
starting materials Sb (1.82625 g), Si (0.42128 g), Te (5.742 g), and stearic acid
(5 mg) were loaded into a stainless-steel jar (50 mL) with 7 stainless-steel balls
(diameter 10 mm). Inside a glove box the jar was evacuated, Ny-filled, and sealed.
The jar was then taken outside of the glove box and subjected to a planetary ball
mill (PM 100, RETSCH) with a rotational speed of 450 rpm for 2 h. The obtained
powder sample (Figure S26) was taken in the glove box and loaded into 13 mm
diameter silica tubes and then flame-sealed under a residual pressure of ~107*
Torr. The tube was vertically placed in a box furnace, slowly heated to 823 K for
5 h, annealed at this temperature for 2 days, and finally cooled to room tempera-
ture naturally.
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