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Thermoelectric materials are increasingly crucial in addressing en- 36 . .
ergy challenges for enabling conversion between heat and electri- SnSe crystalline thermoelectrics
city. Crystalline tin selenide (SnSe) has gained significant attention 20|y

since 2014 when its high-temperature thermoelectric performance
was first reported. Based on unique characteristics in phonon and

24+ p-type:in-plane

electron transports, numerous investigations have been conducted Kish

to promote the development of SnSe crystals for low- to mid-temper-

ature waste recovery and electronic cooling applications. Herein, we 12+

concisely summarize the significant advancements for SnSe crystal-

line thermoelectrics, covering material performance optimization 0.6 - n-type: out-of-plane

and full-scale thermoelectric device development. We then emphas- Undoped

ize that the multiple valence bands and high in-plane carrier mobil- 00 a0 w00 w00 700 800

ity promote high-performance p-type materials. Additionally, we T(K)

highlight the critical role of three-dimensional (3D) charge and two-dimensional (2D) phonon transports for promising
n-type out-of-plane conduction. Finally, personal insights into future research directions of enhancing performance of
SnSe materials and devices are proposed, with the goal of advancing their practical applications.

he rising requirements for sustainable energy solu-

tions have brought increased attention to new tech-

nologies for energy conversion, particularly in the
field of thermoelectric (TE) technology, which plays a critical
role in energy conversion between heat and electricity.! TE
technology not only facilitates energy recovery, thus enhan-
cing the efficiency of existing energy systems by utilizing
waste heat, but also offers a promising alternative to tradi-
tional compression refrigeration technology, reducing envir-
onmental pollution through solid-state cooling.? 31 However,
the large-scale implementations for TE materials are hindered
due to its low efficiency, primarily determined by the dimen-
sionless figure of merit ZT value, defined as ZT = (S20)T/x, in
which S, o, T, and « represent the Seebeck coefficient, electric-
al conductivity, absolute temperature, and thermal conduct-
ivity, respectively.[4-6]

The interdependence between electrical transports (power
factor, PF = $26) and thermal transports (x, comprising lattice
thermal conductivity (x,) and electronic thermal conductiv-
ity (k.e) makes it challenging to independently optimize
each aspect to achieve overall enhancement in TE perform-

1 Sarticle.replaceAffilContent(SHaffil.affli_en})
2 Sarticle.replaceAffilContent($!{affil.affli_en})
3 Sarticle.replaceAffilContent($!affil.affli_en})
4 Sarticle.replaceAffilContent(SKaffil.affli_enj})
> Sarticle.replaceAffilContent(SHaffil.affli_en})

* Corresponding author, E-mail: zhang_xiao@buaa.edu.cn;
zhaolidong@buaa.edu.cn

Received 20 August 2023; Accepted 28 September 2023; Published online

© 2024 The Author(s). Materials Lab published by Lab Academic Press

ance.”: 8 Therefore, it becomes crucial to seek a synergistic
approach for coordinating the contradiction between the
competing electrical and thermal transports.®! Over decades
of research, various strategies have been established, includ-
ing tuning carrier concentration,['% 1 optimizing carrier mo-
bility,['2 131 engineering electronic band structures,'4+1¢! con-
structing microstructure at different scales,['7-19! discovering
new systems with intrinsic low thermal transport,2% etc. Res-
ultantly, TE systems with impressive performance have been
developed, such as Bi,Te; and Mgs(Bi, Sb), for room-temper-
ature TE cooling and low-grade heat harvesting,[2'-24 |ead
and tin chalcogenides for mid-temperature power genera-
tion,[18 25-28] and SiGe,29 Cu,Se,BY and half-Heusler alloys3
for high-temperature applications. In addition to the above
bulk thermoelectrics, TE technology has critical application
scenarios to produce wearable electronics by utilizing flex-
ible or organic thermoelectrics.3234 These achievements
have extended the application of TE materials and techno-
logy across a wide range of temperatures and diverse fields.
Recently, the non-toxic, stable, and cheap crystalline SnSe
thermoelectrics have been regarded as prominent research
focuses, demonstrating exceptional potential not only for
waste-heat power generation, but also for electronic
cooling.B5-401 |nitially, SnSe was primarily considered as an
ideal material for solar photovoltaic applications, rather than
a potential TE material due to its relatively wide bandgap and
extremely low carrier concentration (~10'7 cm~3).47 However,
in 2014, Zhao et al. discovered the efficient high-temperature
TE performance of SnSe, with robust bonding anharmonicity
and ultralow thermal conductivity, attributed to its complex
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layered crystal structure.3! Thereafter, significant advance-
ments have been realized to optimize the in-plane properties
of p-type crystalline SnSe through leveraging complex elec-
tronic band structure,’3® promoting multiband synglisis
(Synglisis, a convergence of energies and momentum in the
bands, further maximizes thermoelectric performance. This is
the distinguish from the generally used "band convergence"
in TE research which involves convergence in energy but not
momentum),38] and adopting lattice plainification strate-
gy,“9 as shown in Fig. 1. Meanwhile, n-type high-perform-
ance out-of-plane SnSe crystals have been achieved through
establishing 3D charge and 2D phonon transports,371 as well
as manipulating layered phonon-electron decoupling3?! as
Fig. 1 depicts. Gradually, both p-type and n-type SnSe were
developed with ultrahigh TE performance over wide temper-
ature ranges, with average ZT (ZT,,.) values substantially sur-
passing 1.0 among 300 to 773 K, demonstrating great poten-
tial of SnSe crystals for mid-temperature applications.

Moreover, the thermoelectric transport properties of p-
type SnSe crystals, particularly at ambient temperature, have
been significantly enhanced. The achieved ZT values at 300 K
have progressively exceeded 1.0,138 40 421 approaching and
even surpassing those of the commercial Bi;Te;.[2" This prom-
ising development highlights the potential of p-type SnSe
crystals for near-room temperature TE cooling applications,
which may help overcome the challenges associated with ex-
isting Bi,Tes-based alloys, including limited material proper-
ties, extreme scarcity of Te reserves, and inadequate process-
ability.*0l Building upon these advancements in material
properties, researchers have also conducted extensive invest-
igations into full-scale TE devices based on SnSe crystals,
leading to promising outcomes in both power generation ef-
ficiency and cooling performance.i38 40. 421 These achieve-
ments further propel the practical applications of thermoelec-
trics in power generation and solid-state cooling.

In this perspective, the concise and systematic outlines on
significant research progress in SnSe crystalline thermoelec-

Multiple bands

trics are proposed, with a particular focus on studies conduc-
ted within our group, as illustrated in Fig. 1. We cover various
aspects, including the investigation of undoped SnSe, which
exhibits intrinsic low thermal conductivity attributed to
strong anharmonicity. Additionally, we delve into the studies
on p-type SnSe that demonstrates high-ranged TE perform-
ance along the in-plane direction resulting from its complic-
ated valence band structure, multiband synglisis, and the util-
ization of lattice plainification strategy, and the studies on the
comparable out-of-plane performance for n-type SnSe
achieved through 3D charge-2D phonon transports and
layered phonon-electron decoupling. The ongoing efforts to-
wards developing full-scale TE devices composed of SnSe
crystals are also presented. Lastly, we offer personal insights
and perspectives on future directions of enhancing the per-
formance of SnSe crystalline materials and devices, as well as
promoting their practical applications. These outlooks might
provide guidance for the future research and potential prac-
tical applications of the SnSe system.

Undoped SnSe: Anharmonicity

As a traditional semiconductor, SnSe possesses a bandgap
higher than 0.85 eV and exhibits excellent light-absorption
characteristics, making it a promising candidate in photovol-
taic research.*3 44 Undoped SnSe was initially considered un-
suitable for TE applications due to its poor electrical transport
properties, with the inferior hole carrier concentration lower
than 10'8 cm~3 and electrical conductivity below 10-7 S cm™!
at 300 K. This concept changed in 2014 when researchers
discovered that undoped SnSe crystals display ultralow
thermal conductivity resulting from strong anharmonic bond-
ing.351 Combined with admirable in-plane carrier mobility,
the remarkable ZT,,, ~2.6 in the b-axis direction at 923 K was
achieved,3%! as shown in Fig. 1a. This breakthrough caused a
significant stir in thermoelectric community and sparked the
increasing interest in exploring promising TE performance of
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Fig. 1

Timeline of the significant achievements for SnSe crystalline thermoelectrics. a Undoped SnSe exhibits exceptional ZT,,,, ~2.6, originat-

ing from extremely low thermal conductivity and strong anharmonicity.?> b p-type SnSe crystals with continuous achievements on both
room-temperature ZT and ZT,, along the in-plane direction through the utilization of multiple valence bands transport,3® promotion of mult-
iband synglisis,*¥ and implementation of lattice plainification strategy,“” respectively. ¢ n-type SnSe crystals with continuous achievements
on both ZT,,,, and ZT,,. in the out-of-plane direction by utilizing 3D charge and 2D phonon transports,?”) and manipulating layered phonon-

electron decoupling,?? respectively.
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crystalline SnSe.

Subsequent experimental and theoretical investigations of
the thermal transport performance in SnSe elucidated the ori-
gin of its strong anharmonicity.1>! Theoretical calculations of
phonon and Griineisen dispersions revealed that the phonon
dispersion is significantly softened along all crystallographic
directions, leading to large Griineisen parameters and strong
phonon anharmonicity.3s! Additionally, analysis on the
unique crystal structure of SnSe, characterized by distorted
SnSe; polyhedron and jagged b-c plane, unveiled that the
soft lattice and weak interlayer bonding contributed to the
strong anharmonicity.3%! Inelastic neutron scattering (INS) ex-
periments further confirmed this strong anharmonicity.! ¢!
Qualitative analysis revealed that this anharmonicity origin-
ated from resonant bonding caused by the p orbitals of Se
atoms, which coupled with 5s orbitals of Sn, weakening the
coordination of 5s2 lone-pair electrons in SnZ+, The dynamic
deformation of the coordination polyhedron of local Sn fur-
ther contributed to lattice softening and destabilization.[*6! In
essence, the unique layered crystal structure results in lattice
instability and soft bonding of SnSe, thus causing strong an-
harmonicity as well as extremely low thermal conductivity.

While lattice instability and strong anharmonicity are the
inherent mechanisms resulting in the ultralow thermal con-
ductivity in SnSe, external factors such as stoichiometric ratio,
internal microcracks between cleavage planes, and oxidation
could also influence its thermal transport properties.[*5 471 To
summarize, undoped crystalline SnSe has demonstrated great
application prospects in thermoelectric field, and the most
fundamental origin of its efficient TE performance is the in-
trinsic low thermal conductivity caused by the unique physic-
al and chemical properties, layered crystal structure and
strong anharmonicity.

P-Type SnSe: In-Plane Direction

As mentioned above, undoped SnSe crystals exhibit re-
markable TE performance and peak ZT values due to their ex-
tremely low thermal conductivity. However, this exceptional
performance is limited to a narrow temperature range, with
the in-plane and out-of-plane 7T, values among 300 to 773
K only reaching ~0.4 and 0.1, respectively,3>! as depicted in
Fig. 2. However, the practical application of TE technology re-
quires promising material performance across wide temperat-
ure ranges. Therefore, optimizing the wide-range TE perform-
ance is crucial for further advancements in SnSe crystalline
thermoelectrics. Theoretical studies have revealed that SnSe,
as a simple compound, possessed a complex electronic band
structure, and the boosted electrical performance was expec-
ted to realize when multiple bands participated into carrier
transport.3¢! Combined with intrinsic low thermal transport,
significant improvements could be achieved in wide-range TE
performance of SnSe.

In experimental investigations, researchers initially focused
on tuning the carrier concentration by selectively doping Sn
with typically Li, Na, K, and Ag, to introduce more hole carri-
ers, among which Na doping exhibited optimal efficiency in
SnSe.36, 48,491 Results demonstrated an enhanced hole carrier
concentration of ~4 x 10 cm~3, leading to the deepening of
Fermi level and activation of more valence bands for carrier
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Fig. 2 ZT,,. (300-773 K) of typical p-type crystalline SnSe
samples along out-of-plane and in-plane directions.3> 36:38 401

transport.3¢! The resultant synergistic effect of enlarged band
effective mass and maintained high in-plane carrier mobility
facilitated an obvious improvement in PF of p-type SnSe crys-
tals across the wide temperature range. Consequently, over-
all ZT of ~0.7 to 2.0 from 300 K to 773 K was realized, with an
extraordinary ZT,,. of ~1.4 along b-axis direction,3% as shown
in Fig. 1b and Fig. 2. These findings greatly promote the po-
tential utilization of p-type SnSe crystals for mid-temperature
power generation.

Building upon effective hole doping, the wide-range TE
properties for p-type crystalline SnSe have been progress-
ively improved via increasing carrier mobility by modifying
crystal structure with Te alloying,®® and through enhancing
the effective mass by producing extrinsic vacancies,®" re-
spectively. Additionally, researchers focused on the complex
valence band structure and its evolution behavior with tem-
perature in SnSe, to increase the weighted mobility uy, a
comprehensive parameter accounting for both carrier mobil-
ity and effective mass.[52 531 Resultantly, the multiband syng-
lisis at momentum and energy spaces in p-type SnSe were
proposed and effectively facilitated by Pb alloying, leading to
significantly enhancements in the PF and ZT values across a
wide temperature range, with the peak room-temperature ZT
approaching ~1.2 and ZT,,. (300-773 K) ~1.9,38 as shown in
Fig. 1b and Fig. 2. Based on the optimized material properties,
researchers constructed a full-scale TE device based on p-type
SnSe crystals coupled with n-type commercial Bi,Tes, exhibit-
ing a considerable power generation efficiency ~4.4% at the
temperature difference AT ~210 K, along with a maximum
cooling AT, . ~45.7 K at ambient temperature.38! Expanding
upon Pb alloying, further enhancements in the conversion ef-
ficiency and cooling performance were achieved through
dual modulation of crystal and electronic band structures
through Sr alloying. These results not only underscore the
promising potential of wide-bandgap SnSe crystals for power
generation but also confirm their applicability for TE
cooling.[Z

For SnSe thermoelectrics, both undoped and doped crys-
tals exhibit numerous non-stoichiometric defects that
strongly hinder carrier transport, particularly in the case of Sn
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vacancies in p-type SnSe.5 551 Researchers have emphasized
the criticality of enhancing carrier mobility in the optimiza-
tion of room-temperature TE performance through manipu-
lating the intrinsic defects.l'3] Motivated by the strategy of
compositional plainification for investigating structural
alloys,°9! the lattice plainification strategy has been proposed
for TE functional materials, by fixing the intrinsic defects in
materials, thereby facilitating carrier transport, %57 as schem-
atically shown in Fig. 3. For p-type SnSe, the introduction of
Cu was observed to compensate intrinsic Sn vacancies and
weaken defects scattering, favoring a substantial increase of
carrier mobility.[*9) Moreover, the additional Cu atoms also ac-
ted as hole dopants by substituting Sn in the lattice, which ef-
fectively promoted the multiband synglisis, leading to a sub-
stantial enhancement of effective mass as well as carrier mo-
bility. Consequently, remarkable room-temperature PF of ap-
proximately 100 pW cm~! K-2 was achieved, alongside the
room-temperature ZT ~1.5 and ZT,,. (300-773 K) ~2.2, as de-
picted in Fig. 1b and Fig. 2. In addition to performance en-
hancement of materials, the interfacial structure of TE devices
was carefully designed to reduce contact resistance, resulting
in excellent device performance with an exceptional power
generation efficiency ~12.2% at the temperature difference
AT ~300 K, along with the promising cooling AT, ~61.2 K
near ambient temperature.0!

I |
i | 1 | Carriers
H Crystal lattice
[~ -!- Intrinsic defects
Fixing lattice

T T
Cee———

Lattice plainification

Fig. 3 Schematic of the Lattice Plainification Strategy. The in-
trinsic defects in materials strongly scatter carriers and impede
carrier transport. Lattice plainification by fixing lattice defects
could improve carrier mobility and electrical properties, contrib-
uting to high-ranged TE performance especially near room tem-
perature.l40:57]

It is worth noting that the experimental power generation
efficiency and cooling performance attained in current
devices still fall short of 80% of the theoretical values,“%
which is mainly attributed to the relatively high contact resist-
ance and the absence of geometric design in crystalline SnSe-
based TE devices. Given the unique orientation and structure
of crystalline materials, achieving activation and close con-
tact between TE elements and barrier layers poses a technical
challenge. Moreover, future electronic devices are trending
towards higher integration and miniaturization, which
presents an additional obstacle for the processing of SnSe
crystals and the maintenance of performance after miniaturiz-
ation.

N-Type SnSe: Out-of-Plane Direction

Significant advancements have been achieved in research
on p-type SnSe crystals, as discussed above. However, high-
efficiency TE devices require suitable and compatible p-type
and n-type materials. Therefore, investigating highly effective
n-type SnSe is crucial. Nevertheless, the studies on n-type
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crystalline SnSe are not merely a replication of its p-type
counterpart. Despite sharing the same crystal structure, n-
type SnSe possesses distinct conduction band structures, res-
ulting in completely different transport properties.i36 38 After
researchers have developed p-type SnSe crystals with ul-
trahigh in-plane performance, the different optimal direction
for n-type SnSe was discovered.B”) This mainly originates
from the much higher interlayer charge density than that of
p-type doping, facilitating the 3D charge transport for out-of-
plane n-type SnSe crystals.

Researchers initially achieved n-type transport in SnSe crys-
tals through doping with Bi or Br, and realized admirable per-
formance along the in-plane and out-of-plane directions for
Bi-doped and Br-doped SnSe crystals, respectively.37. 59 Fur-
thermore, in Br-doped SnSe crystals, by employing first-prin-
ciples calculations and scanning tunneling microscopy (STM),
high charge density between layers for n-type SnSe was ob-
served, facilitating effective charge transport between crystal-
line layers and enabling 3D charge transport.37! Further ex-
periments revealed the converging and diverging processes
for the conduction bands of SnSe. Coupled with the continu-
ous phase transition inducing high carrier mobility, n-type
crystalline SnSe maintained high out-of-plane PF values
across the entire temperature range. Meanwhile, it exhibits
lowest thermal conductivity value among all crystalline direc-
tions due to the strong interlayer phonon scattering (2D
phonon transport).37) Ultimately, the n-type crystalline SnSe
achieved an extraordinary interlayer ZT,,, ~2.8 at 773 K, as
Fig. 1c depicts, along with the moderate ZT,,. (300-773 K)
~1.1, as depicted in Fig. 4.371 To further optimize wide-range
thermoelectric properties for n-type SnSe crystals, Pb alloy-
ing was employed to promote the continuous phase trans-
ition, resulting in a higher ZT,,. ~1.4,16% as presented in Fig. 4.

The achievements for p-type crystalline SnSe thermoelec-
trics highlights the significance of increasing carrier mobility
to achieve promising ZT,,. among wide temperature ranges.
Building upon this, researchers devised a strategy to manipu-
late layered phonon-electron decoupling, further enhancing
carrier mobility and PF in n-type SnSe crystals, thereby result-
ing in a significant increase of ZT,,..3% By substituting Cl dop-
ing for Br doping, the deformation potential was notable de-

2.0

In-plane Out-of-plane

15F n-type SnSe

1.4

1.1

2T, (300-773 K)
5

0.5

Fig. 4  ZT,. (300-773 K) of typical n-type crystalline SnSe
samples along in-plane and out-of-plane directions.7 3% 60,611
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creased, leading to prominent weakening of phonon-elec-
tron coupling and interlayer carrier scattering in n-type SnSe
crystals.’39 Resultantly, higher carrier mobility and average PF
(PF,,.) were achieved, ultimately yielding a ZT,,. ~1.2 (300-
773 K), as shown in Fig. 4. Additionally, Pb alloying was em-
ployed to enhance electrical transport properties by promot-
ing the conduction band degeneration and continuous phase
transition processes. This approach ultimately resulted in an
exceptional out-of-plane ZT,,,, ~3.1 at 748 K, with the ZT,,. of
approximately 1.7 for n-type Cl-doped Sn, oPb, ;Se crystals,39!
as shown in Fig. 1c and Fig. 4. These findings present a critical
step towards the realization of all-crystalline-SnSe-based TE
devices for potential applications.

However, it is important to note that the weak interlayer
bonding poses significant challenges to the preparation pro-
cess of TE devices based on n-type out-of-plane SnSe crystals.
In comparison, in-plane crystalline samples exhibit superior
mechanical properties and processability, making the con-
struction of TE devices relatively easier. Consequently, re-
searchers have also conducted relevant investigations and
performance optimizations of in-plane n-type SnSe crystals,
initially achieving a moderate ZT,,,. of ~0.7,16" as depicted in
Fig. 4. Nonetheless, the current in-plane n-type performance
still lags those of p-type SnSe crystals. Therefore, future stud-
ies on n-type crystalline SnSe should primarily focus on per-
formance optimization across a wide temperature range, es-
pecially near room temperature, at the material level. Simul-
taneously, it is essential to explore the preparation process of
TE devices consisting of out-of-plane crystalline samples, to
realize the construction and enhance efficiency within all-
crystalline-SnSe-based TE devices.

Summary and Outlook

During the last few years, significant advancements have
been realized for discovering and developing high-perform-
ance SnSe crystalline thermoelectrics. Particularly, extraordin-
ary n-type samples achieved out-of-plane ZT,,,, surpassing
3.0, while p-type crystalline SnSe achieved not only the over-
all ZT,,. > 2.0 among 300 to 773 K, but also extraordinary
room-temperature ZT approaching 1.5. These advancements
in material performance also led to the design and construc-
tion of crystalline-SnSe-based TE devices, especially for p-type
SnSe-based TE devices, in which power generation efficiency
exceeding 10% at a temperature difference ~300 K was
achieved, highlighting their potential for mid-temperature
energy harvesting applications. Furthermore, full-scale TE
cooling devices based on highly effective p-type SnSe crys-
tals demonstrated a cooling AT, exceeding 60 K near ambi-
ent temperature, indicating promising prospects of SnSe-
based TE devices as alternatives to the current Bi,Tes-based
TE cooling devices. Future research on SnSe crystalline ther-
moelectrics should focus on optimizing material properties
and enhancing device efficiency, as well as addressing critical
challenges such as large-scale production that determine
practical applications. To this end, several personal outlooks
are proposed.

1. Material properties optimization: carrier mobility
majorization. For p-type crystalline SnSe, the strategy of lat-
tice plainification achieved through bringing in additional Cu
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was proved effective.®9! Exploring other atoms or ap-
proaches to manipulate intrinsic defects and fix SnSe lattice
might offer more efficient means to increase carrier mobility
by weakening carrier scattering, as Fig. 3 illustrates. Modify-
ing crystal growth process could provide an alternative meth-
od.l'31 Moreover, combining the multiband synglisis with lat-
tice plainification is expected to have a dual effect on per-
formance optimization. In the case of n-type SnSe crystals, the
strategies employed for improving p-type SnSe, particularly
the lattice plainification strategy, should also be referenced to
optimize n-type transport, considering the existence of ex-
tensive lattice imperfections in n-type SnSe. At present, the
optimal directions are different in p-type and n-type crystal-
line SnSe, making it challenging to achieve a balance in
mechanical properties on both sides of the p-n junctions for
TE devices. So, enhancing the thermoelectric properties of n-
type SnSe along the in-plane direction becomes rather cru-
cial for effectively matching the p-type counterparts. Further-
more, the topological states provide an essential guidance for
enhancing carrier mobility. The molecular beam epitaxy-
grown cubic SnSe films with a dozen atomic layers was veri-
fied to exhibit topological features2 laying important
foundation for developing high-performance bulk SnSe ther-
moelectrics with topological states.

2. Device efficiency enhancement: interfacial and geo-
metrical design. Following the successful synthesis of high-
performance crystalline SnSe samples, the next crucial step
towards practical applications is the construction of high-effi-
ciency devices. However, designing efficient devices for SnSe
crystalline thermoelectrics presents several challenges com-
pared to traditional TE systems, mainly including: 1) the
strong Fermi pining effect at the contact surface between
wide-bandgap SnSe crystals and metallic electrodes hinders
carrier transport, thereby negatively impacting the device ef-
ficiency; 2) the diffusion between TE elements and electrodes,
especially at high temperatures, deteriorates device perform-
ance, reduces its lifetime, and may even lead to service failure.
To address these challenges, optimizing and matching the p-
type and n-type properties alone remains not sufficient. It is
crucial to reduce contact resistance through interfacial
designs that incorporate appropriate barrier and welding lay-
ers. Moreover, TE device design encompasses not only the se-
lection of suitable TE elements and interfacial structures, but
also involves geometry design. This could be achieved
through a combination of experiments and finite element
analysis, taking into consideration of various factors such as
the sizes of p/n legs, spacings between TE legs, and even
multi-stage design.[63]

3. Practical application promotion: large-scale produc-
tion, performance homogenization, and processability
improvement. In addition to outstanding performance, the
practical large-scale application of innovative TE materials,
such as crystalline SnSe, must consider the time and cost in-
volved in the production process. Currently, the modified ver-
tical Bridgman method for growing SnSe crystals is time-con-
suming (~10 days) and poses challenges for realizing large-
size and batch production. Particularly in p-type SnSe crystals,
the high-temperature reaction between the dopant Na and
quartz crucibles further limits the size of the grown SnSe
samples to the centimeter level. This necessitates the im-
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provement of crystal growth techniques, and researchers
have recently made progress with vapor deposition and hori-
zontal Bridgman methods for growing larger SnSe crystals.[64-66]
Moreover, the vertical Bridgman method inevitably results in
concentration gradients of doping and alloying elements
along the vertical direction. Combined with composition se-
gregation during crystal growth, this may cause composition-
al and TE performance inhomogeneity within the bulk
samples, which is detrimental to practical applications. The
horizontal growth method, along with annealing treatment,
provides important solutions to address this issue. Moreover,
the increasing integration and miniaturization of electronic
devices have placed higher demands on the mechanical
properties and processability of TE materials, with sizes of the
processed features reaching below 100 pm. For SnSe crystal-
line thermoelectrics, it is crucial to improve the interlayer
bonding force through strategies such as atomic intercala-
tion, which is expected to effectively promote the practical
utilizations by enhancing their macroscopic processability.
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