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The integration within the same crystal lattice of two or more structurally and chemically distinct building
units enables the design of complex materials featuring the coexistence of dissimilar functionalities. Here
we report the successful synthesis of single-phase polycrystalline powder of SnyBijpSe;s, a ternary selenide
featuring atomic-scale integration of SnSe-type and Bi,Ses-type building blocks into a large monoclinic
unit cell. We found that the complex layered atomic structure along with the large size of the building
blocks severely impede the crystallization of an ordered phase. Consequently, the electronic and thermal
transport properties of SnyBijpSeis are strongly influenced by the degree of crystallinity and atomic
ordering within the crystal lattice. At temperatures below 300 K, the well-crystallized SnBi;oSe;g sample
displays higher carrier density, carrier mobility, and electrical conductivity compared to the poorly crystallized
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sample, while both samples show similar electronic properties at high temperatures. Astonishingly, the
crystalline sample exhibits up to 30% lower thermal conductivity at 535 K compared to the poorly crystallized
sample. This suggests a more efficient phonon scattering at the ordered atomic-scale interfaces between the
building blocks in the crystalline sample, owing to bond inhomogeneity and anisotropy, whereas the random
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Introduction

Energy conversion from renewable and sustainable sources is
necessary to tackle the perpetual growth of the global energy
demand. Over the past decades, thermoelectric research has led
to the development of several concepts and strategies, such as
multicomponent nanostructuring," phonon-glass electronic-
crystals (PGEC),” resonant level impurities,” and electron energy-
filtering,® which have enabled the discovery and optimization of
awide range of materials with high figure of merit, ZT = §°6T/Kota1
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orientation of building blocks in the poorly crystallized sample inhibits such effect.

(S is the Seebeck coefficient, ¢ is electrical conductivity, T is
absolute temperature, and K., is total thermal conduc-
tivity).”"> However, general and widespread sustainable
applications''* of thermoelectric technology require the develop-
ment of low-cost, high-performance materials from abundant and
environmentally friendly elements. Therefore, recent trends in
thermoelectric research have focused on the development of
binary, ternary and quaternary metal chalcogenides.””™” Their
structural diversity and compositional flexibility enable functional
properties (thermal, electronic, etc.) engineering through mani-
pulation of the stoichiometry, chemical composition, and distri-
bution of metal atoms in the chalcogenide crystal lattice. For
instance, high ZT values were recently reported for chemically
simple binary compounds, such as SnSe (ZT' ~ 2.6 at 923 K)'""'®
and Cu,Se (ZT ~ 1.5 at 1000 K),'®'*>* demonstrating promising
materials for high temperature power generation applications.
The integration of Cu,Se and SnSe phases into (Cu,Se); _,(SnSe),
bulk composites led to ZT values as high as 1.4 at 825 K."°
However, less attention is allocated to the discovery and optimiza-
tion of metal chalcogenides for mid-temperature range (300 K to
700 K) and cooling applications. The few notable examples are
CsBi Teg (ZT ~ 0.8 at 225 K),*® and various compositions of the
solid solution series Bi, ,Sb,Te; ,Se,.”**” In addition to the
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optimization of the thermoelectric properties of known binary
and ternary compounds, significant effort is also invested in the
search for new metal chalcogenides with increasing composi-
tional, structural and bonding®® complexity, with the goal of
creating multifaceted electronic band structures concurrent with
ultralow thermal conductivity."> Along this line, the concept of
phase homology is gaining considerable attraction as an elegant
approach for the prediction and synthesis of novel promising
thermoelectric materials.>®*>' The compositional and structural
flexibility of homologous structures offer the possibility of engi-
neering the electronic band structure, the inhomogeneity of
chemical bonding, which influences the phonon vibration modes
of various members of the homologous series, in order to achieve
compounds with high thermoelectric performance, i.e. high elec-
trical conductivity (¢) and Seebeck coefficient (S) and ultralow
thermal conductivity (K). Several naturally occurring and synthetic
mixed-metal chalcogenides homologous series have been
reported. These include, A, [M1./S€5+]2m[MainS€r+31n] (A = K, Rb,
Cs and M = Sn, Pb) where [, m, and n represent the size of various
structural building units;****  [BiQX],[Ag.Bi;_ Qs 2:Xax_1]n+1
(Q=S,Se; X =Cl, Br; 1/2 < x < 1);%' the pavonite, My:1Bi,Sn+5
(M = Ag/Bi or Cu/Bi; N > 2);** and the lillianite, Pby_;_5,Bis,.
Ag.Sniz,>> and the Pby_;Bi,Sen:»>® homologous series, where
N = (N1 + N2)/2 representing the average of the number of edge-
sharing octahedra running across the central diagonal of the two
NaCl-type building units forming the crystal structure. Among
these homologous families of complex mixed-metal chalcogen-
ides, phases belonging to the pseudo binary PbSe - Bi,Se; phase
diagram, such as ternary compounds consisting of varying ratios
of (PbSe),(Bi,Ses), layers® *' and Pby_;Bi,Seyi,,”® have been
attracting considerable attention for thermoelectric application
due to their moderately lower electrical resistivity compared to
their sulfide analogues. For example, moderate electronic properties
and low thermal conductivities have been reported for members of
the Pby._1Bi,Sen, series, such as PbsBigSe,4,** Pb,Bi,Se;3,>¢ and the
recently discovered narrow band gap degenerate n-type semicon-
ductor, PbgBi,Se,, with low thermal conductivity (~1.1 Wm™ ' K"
at 300 K) and a moderate figure of merit, ZT' ~ 0.25 at 650 K.**
Following the example of the (PbSe),,(Bi,Se;); family mentioned
above, we have recently embarked on the search for new Earth-
abundant ternary thermoelectric materials for mid-temperature
range applications within the (SnSe),,(Bi,Ses), system. It is antici-
pated that in such a system the integration at the atomic scale of
structural features from SnSe and Bi,Se; phases, which are pro-
mising thermoelectric materials suitable for applications at high
temperatures and below room temperature, respectively, can
create compounds suitable for mid-range (300 K to 700 K) power
generation application. Early investigations in the SnSe-Bi,Se;
phase space led to the discovery of several ternary compounds,
which are structurally related to the lillianite homologous series
with general formula My_;Bi,Seni,, (M = Sn or (Sn/Bi/[1) where
O = vacant site). These include, the Sn,Bi,Se; (N = 3);** Sn,Bi,Se
(N = 5);44 SNy BizsaSes = ([Ho3Sny,Bigs)BiSes (N = 4)?45
(SnzBiSes (N = 4);*® SnBi,Se; =~ (ISnBi,)BiSe; (N = 5);*
Sn; 6Biz6Se; = ([1.65N56Biy6)BisSes (N = 7);* SngBi,Seq (N = 7);*
Sng 53Bitn.06S€26 = ([1.,SN45Bi;s;5)BisSes (N = 11)§4S and
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SNyq 40Bitn308€30 = ([,.1Sn5,Biss)BisSe;s (N = 13)*° com-
pounds, which are lillianite phases containing various degrees
of structural vacancies. However, these compounds do not
contain structural features of the SnSe and/or Bi,Se; phases,
since the lillianite structure is characterized by two alternating
NaCl-type slabs (with thickness N1 and N2).

Here, we report on the synthesis, crystal structure and
thermoelectric properties of Sn,Bi;oSeq, the first vacancy-free
example of (SnSe),,(Bi,Ses), phases with crystal structure con-
sisting of chemically integrated SnSe-type and Bi,Ses-type
building units. We found that the Sn,Bi;,Se;o phase integrates
the high-carrier mobility observed in Bi,Se; crystals with the
low thermal conductivity of SnSe, which makes it an example of
a synthetically accessible phonon-glass-electron-crystal (PGEC)
superlattice with promising thermoelectric properties.

Results and discussion
Crystal structure

Sn,BieSe;o crystallizes in the monoclinic space group C2/m
(#12) with lattice parameters a = 28.152(6) A, b = 4.1567(8) A,
¢ =21.242(4) A, § = 131(3)° and adopts a complex crystal structure,
which consists of three distinct building blocks denoted A, Band C
(Fig. 1).

The building unit A (Bi,Ses-type) is a cutout from the Bi,Se;
structure and contains two rows of four crystallographically
independent metal positions (M1, M2, M4 and M5) that are
octahedrally coordinated by Se atoms with various degrees of
distortions (Table S1 and Fig. S1, ESIt). The building unit B
(SnSe-type) can be extracted from the structure of SnSe and
consists of two rows of two crystallographically independent
metal positions (M3 and M6) in distorted octahedral geome-
tries. The building unit C is a single chain of face-sharing
bicapped trigonal prisms [1+2+2+1+2] around the crystallogra-
phically independent metal position, M7. All metal positions in
the Sn,Bi;oSe;o structure feature Bi/Sn mixed occupancy in
various ratios. Details on distortion and M-Se bond distances
are found in Table S1 (ESIt). In the three dimensional (3D)
structure, the Bi,Se;-type (A) building blocks are interconnected
along [100] through edge-sharing M(4)Ses octahedra to form a
two dimensional (2D) sheet parallel to the (001) plane. Adjacent
Bi,Ses-type sheets are separated along [001] by discrete SnSe-
type (B) building blocks that are terminated at both ends by the
building unit C. This atomic scale assembly of the building
blocks leads to a structure that resembles a synthetic layered
superlattice formed by a 2D Bi,Se;-layer and a 2D SnSe-layer
that are stitched together alternatively along [001]. Similar
complex structural organization was also observed in compounds
such as Cu,PbgBigSi0,"” Ko 6654 .s2Bl11.185€20 " and SNy 11Biss 605€38,
which is the defect analog of Sn,Bi;,Se;qo. Indeed, both phases
(Sny11Bijs 60Sess and SnyBijoSe;o) share similar lattice para-
meters and feature mixed occupancy of Sn and Bi at all metal
positions. However, while Sn,Bi;,Se;o exhibits full occupancy of
all metal positions, the Sn, 11Bis, 60S€35 Structure contains par-
tially occupied metal positions,*® which seemed to be necessary
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Fig. 1 Crystal structure of SnsBi;oSe;s projected along [010] highlighting the major building blocks: a Bi,Ses-type block denoted A; a SnSe-type block
denoted B and a single chain of face-sharing bicapped trigonal prisms denoted C. Adjacent Bi,Ses-type blocks are shifted by one row of metal atoms and
share edges of [MSe¢] octahedra to form a 2D Bi,Ses-layer parallel to the (001) plane. Adjacent Bi,Ses-layers stacked along [001] are interconnected by
SnSe-type blocks to form a 3D crystal structure with open channels that are filled by the single chain of face-sharing [MSeg| bicapped trigonal prisms

running along [010].

to maintain the electroneutrality of the compound.*® Based on
the final compositions of these two phases, we can establish the
narrow solid-solution series of defect compounds with general
formula Bi,,Snsg_3,Sess, where 10 < x < 38/3. The SnyBiySeqo
(x = 10) phase has the stoichiometric composition, whereas the
Sny11Bise0Sess (x = 11.3) is a defect member containing 5%
vacancies at various metal positions.*> Hypothetical compositions
with high x values, such as the Sng,Bi,s,Se3s (x ~ 12.6) phase,
should display up to ~10% vacancies at various metal positions in
the crystal structure. Such flexibility in the Sn/Bi ratio while main-
taining the same crystal structure opens up more opportunities to
tune the physical properties.

Synthesis and thermal stability

Despite the interesting crystal structure of the Bi,,Snzg_3,Sess
phases, where 10 < x < 38/3, and the prospect for the discovery of
high-performance thermoelectric materials, difficulty in synthesiz-
ing highly crystalline single-phase samples suitable for measure-
ment of electronic and thermal transport properties has hampered
the ability to explore their thermoelectric properties. Achieving
highly crystalline samples requires perfect stacking of the 2D
Bi,Se;z-layer and SnSe-layer into the 3D layered superlattice, which
is extremely challenging owing to the complexity of the Bi,Se;-type
and SnSe-type building blocks.

Therefore, we developed a multistep synthesis procedure for
the fabrication of highly crystalline single-phase polycrystalline
powder of Sn,Bi;Se,o. The structurally disordered but element-
homogeneous sample 1 (S1) was initially obtained through
solid-state reaction of high-purity elements sealed in an evacuated
quartz tube followed by repeated melting and quenching of the
product from solid-state reaction using an induction melting
furnace. The XRD patterns of the resulting sample S1 showed very
poor matching with the theoretical pattern calculated using single
crystal structure data (Fig. 2). However, the DSC curves (Fig. S3,
ESIf) showed a single broad endothermic peak of melting at
around 940 K on heating and a single broad exothermic peak of

2384 | Mater. Adv,, 2021, 2, 2382-2390

crystallization with onset at 940 K on cooling. This suggests the
formation of a disordered, poorly crystalline Sn,Bi;oSe;9 with
congruent melting upon heating. Using the DSC heating and
cooling data from sample S1, several annealing recipes were
attempted to achieve highly crystalline samples. The best crystal-
line samples (S2) were obtained by heating the induction-melted
product S1 to 973 K (50 °C above the melting temperature) to
achieve a thick molten state, followed by a slow cooling across the
crystallization window (973 K to 927 K in 48 hours) in order to
allow enough time for self-organization of the large building units.
The sample was subsequently held at 927 K, the lower limit of the
crystallization window, for another 48 hours and finally cooled to
room temperature in 12 hours. A comparison of the XRD pattern
of the resulting sample with the theoretical pattern showed
excellent matching (Fig. 2B), implying the formation of highly

Sample S1

[ Sample S2

L Bi,, .50, .50,
(calculated)

Relative Intensity (a.u.)

- Calculated

70 20 30 40 50
2 Theta (°)

60 2

Fig. 2 X-Ray diffraction patterns of Sn4BijoSe;s samples. (A) Comparison
of the XRD patterns of the sample S1 obtained after SSR followed by the
IMQ process and the sample S2 obtained after the recrystallization
process, with the theoretical patterns of SnsBijgSe1s and Sny11Bizs gSesg
calculated using single crystal data; (B) enlarged section of the XRD
patterns with indexed major diffraction peaks highlighting the excellent
match, in peak position, between the XRD pattern of the S2 sample and the
calculated patterns. Poorly resolved and missing peaks from the XRD
pattern of the S1 sample suggests poor crystallinity. * denotes a peak from
metallic Bi as a minor impurity phase.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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crystalline nearly single-phase samples of SnyBijpSejo. A rough
analysis of the phase composition of S2 sample suggests that it
consists essentially of Sn,BijpSeqo (53%) and Sny1Bizs e0S€ss
(42%), which are both members of the solid solutions series
Bi,,Snzg 3,Sess discussed above, in addition to metallic Bi (5%)
as a minor impurity (Fig. S2, ESIt). The observation of metallic
Bi in the sample is consistent with the formation of the
Sny 11Bizz 605€35 phase, which only seems to stabilize with 5%
vacancy at all metal positions.

Interestingly, the S2 sample exhibits similar DSC curves with
the disordered poorly crystalline sample S1 (Fig. S3B, ESIT).
However, careful analysis of the melting peaks for both S1 and
S2 samples (Fig. S3E, ESIt) revealed a single broad peak for
poorly crystalline sample, S1, whereas the highly crystalline
sample, S2, showed two clear peaks at 935 K and 945 K. The
peak at 935 K could be assigned to peritectic formation,
whereas the liquidus appears at 945 K. The striking similarity
between the DSC curves of samples S1 and S2 despite their
quite different XRD patterns indicates that all the chemical
bonds and building blocks observed in the crystal structure of
Sn,Bi;eSe;q are already present in the poorly crystalline sample,
S1, obtained through solid-state reaction followed by induction-
melting. However, due to the fast-cooling process, the building
blocks did not fully order as anticipated from the single crystal
structure, hence the formation of the poorly crystallized “amor-
phous” sample, S1. Upon reheating the sample S1 above the
melting temperature and slowly cooling across the crystal-
lization window, the building blocks became mobile again
and the ordering process was activated in sample S2. The
ability to synthesize both the poorly crystallized (S1) and well-
crystallized (S2) samples of Sn,BijoSe;o enables a unique
opportunity to investigate the effect of the evolution of atomic
structure ordering on the electronic and thermal transport
properties.

Thermal conductivity

Fig. 3 shows the thermal conductivities of both the S1 and S2
samples of SnyBi;oSe;q. It is interesting to note that the poorly
crystallized sample (S1) displays a larger total and lattice
thermal conductivity than the well-crystallized sample (S2).
Nevertheless, both samples exhibit ultralow total thermal con-
ductivity with room temperature values of 0.75 Wm ™' K" and
0.70 W m~ ' K ' for the S1 and S2 samples, respectively
(Fig. 3A). The total thermal conductivity of both samples
decreases with increasing temperature, reaching the minimum
value of 0.70 Wm ™' K ' and 0.59 Wm ™' K" at 510 K for the S1
and S2 samples, respectively. The difference is a 16% drop in
the total thermal conductivity due to the increased ordering of
structural building blocks within the polycrystalline sample.
Further increasing the temperature leads to a gradual increase
in the total thermal conductivity, which we attribute to bipolar
conduction.

To understand the origin of the observed drop in the total
thermal conductivity, lattice thermal conductivities (k) were
calculated by subtracting the electronic thermal conductivity (x.)
from the total thermal conductivity (iy, = kot — Ke)- The electronic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Thermal conductivity and heat capacity of Sn4BijoSess. (A) Tempera-
ture dependence of the total (ko) and lattice (k) thermal conductivity of the
as-synthesized sample (S1) and the sample after recrystallization (S2) com-
pared to the minimum thermal conductivity (kmin) and the theoretical lattice
thermal conductivity (kio); (B) temperature-dependent electronic thermal
conductivity (keec); (C) model of the rattling unit originating from the lone-
electron-pair stereoactivity; (D) temperature-dependent heat capacity com-
pared to the Dulong—Petit value.

thermal conductivity was calculated using the Wiedemann-Franz
law, i, = Lo T, where L, ¢ and T are the Lorenz constant, electrical
conductivity and absolute temperature, respectively. Here, we
adopt the Lorenz constant value, L = 2.45 x 10~ W Q K 2 given
the degenerate semiconducting behavior of the electrical conduc-
tivity, for the calculation of the electronic thermal conductivity.
Given the very similar electrical properties of S1 and S2
samples, their electronic thermal conductivities are quite identical
regardless of the temperature (Fig. 3B). Therefore, the large
difference observed in the total thermal conductivities of the S1
and S2 samples essentially comes from the lattice thermal con-
ductivity (Fig. 3A) influenced by bonding inhomogeneity. The
samples display room temperature lattice thermal conductivity
values of 0.48 W m ' K ' and 0.42 W m ' K ! for S1 and S2,
respectively. Upon increasing the temperature, the lattice thermal
conductivities decrease to ultralow values of 0.37 W m™" K" and
0.26 Wm ' K " at 510 K for the S1 and S2 samples, respectively,
which is approximately a 30% reduction in the lattice thermal
conductivity arising due to the improved crystallinity of the
sample. Typically, amorphous materials are expected to display
lower thermal conductivity than their highly crystalline counter-
part due to increased phonon scattering from the high density of
grain boundaries and interfaces arising from short range order,
and random distribution or misorientation of structural building
units in the polycrystalline sample. To understand the departure
from this general trend in the “amorphous” Sn,Bi;,Se; sample,
S1, we must first elucidate the origin of ultralow thermal con-
ductivity in the highly crystalline Sn,Bi;,Se;o sample, S2. Careful
analysis of various coordination polyhedra formed by Se atoms
around metal atoms as well as the distribution of the metal-
selenium (M-Se) distances within various building blocks in the
3D crystal structure suggests severe local structural distortions

Mater. Adv.,, 2021, 2, 2382-2390 | 2385
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(Fig. S1 and Table S3, ESIt). The observed distortion of the coor-
dination polyhedra around Bi atoms in complex selenides typi-
cally implies stereochemical activity of the 5s* lone-electron-pair
(LEP). Interestingly, within the 3D structure, the LEPs within the
building SnSe-type unit B (Fig. 3C) agglomerate into micelles
(highlighted by grey-shaded areas in Fig. 1) with the lobes pointing
towards each other. The mutual repulsion between the lobes of the
LEPs within individual micellar structure sets in a soft vibrational
mode that likely contributes to phonon scattering at the atomic
scale. In addition, the repulsion between LEPs induces strong
distortion of M-Se bond distances. This leads to strong bond
anharmonicity and phonon scattering at the interfaces between
various building blocks (A-C) within the crystal structure, which
further support the observed ultralow thermal conductivity of the
crystalline Sn,Bi;(Se;o sample. Alternatively, the low lattice thermal
conductivity of Sn,Bi;oSe;o can be rationalized by taking into
account bonding inhomogeneity and anisotropy within the crystal
structure. Indeed, the presence of ordered building units (A-C) with
dissimilar chemistries within the structure produces regions with
different bonding, which hinder the phonon transport.*®

The observed value of the lattice thermal conductivity of the
highly crystalline Sn,Bi,oSe;o sample, 0.42 Wm ™" K ' at 300 K,
was further validated by calculating the theoretical “intrinsic”
lattice thermal conductivity (1), within the temperature range
where only acoustic phonons conduct heat. The theoretical
“intrinsic” lattice thermal conductivity (ki,), was calculated
(see ESIT) using the Griineisen parameter, y = 1.86, obtained
from the sound velocity measurement and the Debye tempera-
ture, @ = 182 K, obtained from the heat capacity measurement
(Fig. 3D) and sound velocity measurement (Table S4, ESIT). As
shown in Fig. 3A, the calculated lattice thermal conductivity,
Kro=0.42 W m ' K ! at 300 K is consistent with the value of the
lattice thermal conductivity extracted from the measured total
thermal conductivity. In addition, xy, at various temperatures
follows very well, within the temperature range below 550 K,
extracted from experimental data.

To further benchmark the thermal conductivity of the crystal-
line Sn,Bi;eSe;o sample, the “minimum thermal conductivity”,
Kmin, Was calculated considering that the lattice thermal con-
ductivity reaches the minimum value when the phonon mean-
free-path (MFP) (J) is equal to the average of the interatomic
distances, using eqn (1).

Kmin = 1/3(CyVml) (1)

where C, is the heat capacity at constant volume (in J m™® K™")
and vy, is the average sound velocity.

For Sn Bi;,Seyq, the average interatomic distance is [ = 3.06 A,
and the calculated value Ky, = 0.26 W m ™' K~ ' at 300 K (Fig. 3A)
is very similar to the measured lattice thermal conductivity at
510 K for the S2 sample.

It follows from this analysis that the ultralow thermal
conductivity observed in Sn,Bi;oSe o results from the combi-
nation of (1) local structure distortions due to the stereoactivity
of LEPs, (2) inhomogeneity and anisotropy of chemical bonding,
(3) the presence of heavy atoms in the crystal structure, (4) low
crystal symmetry, and (5) the complexity of the layered 3D
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superlattice structure, which features a high density of interfaces
between building blocks of very different sizes.

In light of the above analysis, we speculate that the rather
larger total and lattice thermal conductivity measured from the
poorly crystallized sample (S1) arises from the loss of the periodic
superlattice arrangements of the Bi,Se;- and SnSe- layers in favor
of a more random orientation of various structural fragments
formed by the three building blocks A (Bi,Ses-type), B (SnSe-type)
and C (chains of face-sharing bicapped trigonal prims around the
M7 metal position) as illustrated in Fig. S4 (ESIt). Within this
picture, the bonding in the amorphous sample is more homo-
geneous and less anisotropic due to the building block disorder,
which is more favorable to phonon transport.*®

Our proposed structure of the poorly crystallized sample (S1)
of Sn,Bi;Se;s is supported by both the DSC data and the XRD
analysis (Fig. 2 and Fig. S3, ESIt). The similarity in the DSC of
S1 and S2 samples suggests that most of the structural building
blocks and fragments formed by those building blocks are
already present in the poorly crystallized structure. In addition,
the presence of many sharp peaks on the XRD patterns of the S1
sample suggests some degrees of atomic ordering, while the
poor matching of the diffraction peaks with the theoretical
pattern from the single crystal structure analysis indicates lack
of long-range order in the S1 sample. The poorly crystalline
structure still maintains many of the local atomic-scale struc-
tural features that are believed to be responsible for the ultra-
low thermal conductivity of the well-crystallized sample (S2),
which also justifies its ultralow thermal conductivity. However,
the lack of (1) inhomogeneity and anisotropy of chemical
bonding and (2) high density of interfaces, which would result
from the long-range ordering of the building blocks into the
observed 3D layered superlattice structure, results in weaker
phonon scattering compared to the well-crystallized sample
(S2). Consequently, the thermal conductivity of the poorly
crystallized sample (S1) of Sn,Bi;,Se;o is higher than that of
the well-crystallized counterpart (S2).

Electronic properties

To probe the effect of structural ordering on the electronic
properties, we have performed the temperature-dependent
measurements of the electrical conductivity (Fig. 4A) and Hall
effect (Fig. S5, ESIt) on both the S1 and S2 samples in the
temperature range from 2 K to 775 K. These data were then
used to calculate the variation of charge carrier concentration
(n) (Fig. 4B) and charge carrier mobility (1) (Fig. 4D) with the
temperature in both samples. It can be noted that, while both
samples exhibit very similar temperature dependence of the
electronic properties (, u, o) at temperatures above 300 K, they
display remarkably different electronic properties at low tem-
peratures (2 K to 300 K). In general, the electrical conductivity
of both samples gradually decreases with rising temperature in
the temperature range from 2 K to 500 K, indicating a degenerate
semiconducting behavior. However, the rate at which the elec-
trical conductivity drops depends on the temperature range. For
instance, a rapid decrease in the electrical conductivity is
observed between 2 K and 300 K, which is associated with the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electronic transport of Sn4BijpSeis. (A) Temperature-dependent
electrical conductivity; (B) temperature-dependent charge carrier
concentration; (C) fitting of the carrier concentration using the Arrhenius
equation, highlighting the activation energy of impurities and the electro-
nic band gap; (D) temperature-dependent charge carrier mobility.

sharp drop in the carrier mobility arising from the large increase
in the carrier concentration. Indeed the fitting of the
temperature-dependent carrier density curve using Arrhenius
law (In(n) ~ Ea/kgT) suggests the presence, within the band
gap (E; = 0.73 eV), of several impurity states with activation
energy, E,, ranging from 5.6 meV to 130 meV (Fig. 4C). At very
low temperatures, a small increase in the temperature leads to
the ionization of impurities located at 5.6 meV below the
conduction band (CB). Further increase in temperature leads
to the ionization of impurities located in deeper states (24 meV and
130 meV). Such thermal activation of carriers from impurity states
to the conduction band leads to the observed initial marginal
increase in the carrier concentration between 2 K and 500 K.

At temperatures above 500 K, thermal excitation of electrons
from the valence band (VB) to the conduction band (CB) leads
to a drastic increase in the carrier concentration (Fig. 4B),
which is also manifested by the transition of the temperature-
dependent electrical conductivity from the heavy-doped semi-
conducting behavior to intrinsic semiconducting behavior. The
above-described trend in the temperature-dependent electronic
transport is valid for both the S1 and the S2 samples. The main
difference in their electronic properties lies in the magnitude of
the electrical conductivity, carrier density, and carrier mobility
at various temperatures between 2 K and 300 K. Within this
temperature range, the S2 sample displays higher electronic
properties (electrical conductivity, carrier concentration and carrier
mobility) compared to the poorly crystalline sample (S1). For
example, the electrical conductivity at 2 K is ~1100 S cm ™" for
the $2 sample compared to only 700 S cm ™" for the S1 sample. The
carrier mobility at 2 K is ~630 cm® V' s™* for the sample S2
and 500 cm® V' s~ for S1 while the carrier concentration at 2 K is
1.1 x 10" em™? for the sample S2 and 8.8 x 10'® ecm ™ for the
sample S1. The relatively high carrier concentration in both
samples is attributed to a doping effect from defects, such as
anti-site defects originating from intermixing of Sn and Bi at
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various metal positions in the crystal structure or the presence
of a small fraction of metallic Bi in the S2 sample.

The observed larger values of both the carrier concentration
and carrier mobility in the sample S2 compared to S1 implies
the presence of surface and interfaces defects in the amor-
phous samples that contribute to trapping and scattering of
charge carriers. The density of those defects is significantly
reduced during the recrystallization process leading to the
fabrication of sample S2. Upon increasing the temperature,
the carrier density in sample S2 increases marginally while the
carrier density in sample S1 increases much more rapidly, likely
due to the annealing of trapping defects. As a result, very
similar carrier density and carrier mobility are achieved in both
S1 and S2 samples at temperatures above 500 K, where intrinsic
carriers thermally excited from the valence band to the con-
duction band dominate the electrical conduction. The similarity
of electrical properties for both S1 and S2 samples at high
temperatures implies similar electronic structures of both mate-
rials, which is mainly determined by chemical bonding within
the materials. This is consistent with the DSC result where only
one melting peak and one crystallization peak were observed in
heating and cooling process respectively for both materials.
Evidently, all basic chemical bonds and sub building blocks of
the Sn,Bi;oSeqo structure are formed after induction melting.
The subsequent annealing process completed for S2 reactivates
the mobility of building blocks locked up at low temperature, to
allow them to re-order in a crystalline fashion without breaking
apart the chemical bonds.

Although the high temperature electronic properties of both
S1 and S2 samples are very similar, low temperature Hall effect
measurements (Fig. S5, ESIf) can also probe their intrinsic
electrical properties. The low temperature Hall effect data can
be divided into two segments, including one below 50 K and the
other one from 50 to 300 K. The calculated carrier concen-
tration plateaus below 50 K and thereafter starts to increase
with rising temperature for both samples. Such a dual-segment
Hall coefficient/carrier concentration indicates doping effects
from two kinds of defects: one having shallow defect states and
the other having deep defect states within the band gap, which
is consistent with our analysis of the temperature dependent
carrier concentration. The shallow defect states are excited at
extremely low temperature, which was not observed in our Hall
effect measurement, and set the initial carrier concentration.
The deep defect states are excited at temperatures ranging from
50 K to 300 K.

The combination of ultralow thermal conductivity and high
charge carrier mobility in Sn,Bi;oSe;o is a hallmark of a
promising thermoelectric material. While the ultralow thermal
conductivity is attributed to the combination of local structural
distortions, the presence of multiple building blocks within the
crystal structure, and the presence of a high density of inter-
faces between the building blocks in all three directions, the
observed high charge carrier mobility of ~250 cm®> V™' s™* at
300 K for both samples (S1 and S2) can be attributed to the
presence of the 2D Bi,Ses-layer in the 3D crystal structure
(Fig. 1), which ensures a high carrier mobility within the ab plane.
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300

The observed carrier mobility of Sn,BijpSe;o is higher than
that of polycrystalline n-type SnSe (~125 ecm®> V' s ' at
300 K)*° and comparable to that of polycrystalline n-type Bi,Se;
(~310 cm® V™' s at 300 K)*" with similar carrier concentration
(n ~ 10" cm™®). Interestingly, the total thermal conductivity of
polycrystalline Sn,Bi;oSe;o (0.7 W m™" K" at 300 K) is comparable
to that of polycrystalline n-type SnSe (~0.9 W m™* K" at 300 K)*°
and is 100% lower than that of polycrystalline n-type Bi,Se;
(1.4 W m™" K" at 300 K).>* Such structurally induced multi-
functionalities, where the high carrier mobility of Bi,Se; is
combined with the low thermal conductivity of SnSe, make the
Sn,Bi;oSe;9 phase and structurally related compounds, like
CuZPbGBiBSl9747 K0.668n4.82Bi11.188e2248 and Sn4.11Bi22.GOSe38749
great examples of chemically synthesizable phonon-glass electron
crystal (PGEC) superlattices suitable for thermoelectric energy
conversion.

Both samples (S1 and S2) of Sn,Bi;(Se;9 show n-type semi-
conducting behavior, as can be attested to by the negative
values of the Hall effect (Fig. S5, ESIT) and Seebeck coefficient
(Fig. 5A). The Seebeck coefficients of these samples first
increase linearly with increasing temperature, consistent with
the heavily doped semiconducting behavior, reach a maximum
at 500 K and then drop rapidly with further increase in
temperature. The trend is consistent with the temperature
dependence of the carrier density. The observed upturn at
500 K in both electrical conductivity and Seebeck coefficient
imply bipolar conduction at higher temperature due to the
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thermal excitation of carriers across the narrow band gap (E, =
0.73 eV) that is typically reported for Sn-Bi-Se compounds.*®>*>*
Due to the similarity in the electrical conductivity and
Seebeck coefficient of both samples at high temperatures,
comparable power factors (S°c) were obtained (Fig. 5B). The
power factor decreases with rising temperature with a max-
imum of ~2.7 yW m ™! K2 observed at 300 K. The continuous
decrease in the power factor with increasing temperature
results from the drop in the electrical conductivity near room
temperature and the significant degradation of the Seebeck
coefficient at temperatures above 500 K. Given the much lower
thermal conductivity, the largest figure of merit ZT (Fig. 5C) was
observed for the crystalline sample, S2. Due to the combination
of decent electronic properties and low thermal conductivity, a
peak ZT above 0.2 was obtained at 535 K for the highly crystal-
line sample, S2, without optimization, making the Sn,Bi;oSe;o
compound another promising earth-abundant material for
thermoelectric application at moderate temperatures.

Conclusion

We have successfully synthesized Sn,Bi;oSe;o bulk samples in
both poorly crystallized (S1) and well-crystallized (S2) forms
using a combination of (1) solid-state reaction (SSR) of the
elements at high temperature, (2) induction melting and
quenching (IMQ) of the products from SSR, and (3) directional
solidification starting from ingots obtained from the IMQ
process. Careful investigation of the crystal structure using
XRD on single crystals revealed that Sn,Bi;oSeis adopts a
complex monoclinic structure consisting of a Bi,Ses-like layer
and a SnSe-like layer parallel to the (001) plane that are stacked
alternatively along [001] to form a complex synthetic —/Bi,Ses/
SnSe/Bi,Se;/— superlattice structure. Interestingly, the com-
plexity of the structural building units renders the crystal-
lization process from the liquid phase extremely challenging.
We found that a fast cooling from the molten phase results in
the formation of a poorly crystallized sample (S1), whereas slow
directional solidification through the crystallization tempera-
ture window yields a well-crystallized sample (S2). Electronic
transport measurements revealed that while both S1 and S2
samples exhibit similar properties at temperatures above 300 K,
the well-crystallized sample S2 displays larger electrical con-
ductivity, carrier density and carrier mobility than the S1
sample in the temperature range from 2 K to 300 K, which is
attributed to the decrease in the density of carrier trapping and
scattering defects in the S2 sample. Interestingly, a significantly
lower total and lattice thermal conductivity was observed for
the S2 sample compared to the S1 sample. This is believed to
originate from the decrease in (1) the inhomogeneity and
anisotropy of chemical bonding and (2) the density of interfaces
between building blocks in the S1 sample due to their poor
arrangement. However, both the S1 and S2 samples showed
ultralow thermal conductivity, which further support the simi-
larity in their atomic structure. Remarkably, the Sn,Bi;sSe;o
samples (both S1 and S2) integrate the high-carrier mobility

© 2021 The Author(s). Published by the Royal Society of Chemistry
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observed in Bi,Se; crystals with the low thermal conductivity of
SnSe, resulting in a unique synthetically accessible example of a
phonon-glass-electron-crystal (PGEC) superlattice with promis-
ing thermoelectric properties. The combination of moderate
electronic properties and low thermal conductivity leads to a
figure merit, ZT, of ~0.2 at 535 K for the unoptimized highly
crystalline sample. The result highlights the potential of the
atomic-scale integration of two or more large building blocks
from simple binary compounds, each with dissimilar function-
alities (such as high electrical conductivity and ultralow thermal
conductivity), into complex superlattices or hierarchical structures
as a powerful design approach towards new high-performance
multifunctional materials.
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