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Suppressed Thermal Conductivity in van der Waals
Semiconductor SnS, by Stacking Engineering

Han Yang, Changsheng Min, Chao Li, Yuan Yu,* Bangzhi Ge,* and Chongjian Zhou*

Thermal transport in crystals highly depends on the vibrations of the lattice.
If the intrinsic period of the lattice is disrupted, phonon transport within the
lattice will be suppressed. Herein, a strategy is reported for thermal conductivity
suppression in the 2D van der Waals semiconductor SnS, by layer period
engineering. The stacking period for SnS, layers is broken by mechanical
alloying combined with spark plasma sintering. Double Cs-corrected trans-
mission electron microscopy reveals that 2H and 4H SnS; structures coexist by
stacking along the c-axis, demonstrating the long-range ordered but short-
range disordered arrangement. As a result, the lattice thermal conductivity of
SnS, decreases from ~2.0 to ~1.18 Wm ' K ' at 673 K. The strategy promises
the potential application of SnS, in scenarios where low thermal conductivity is

essential such as thermoelectric materials.

1. Introduction

Thermal energy in solids is transferred through the movement of
atomic vibrations and free electrons. As a result, the total thermal
conductivity (k) is the combined effect of lattice thermal con-
ductivity (ki) and electronic thermal conductivity (ke). Lattice
thermal conductivity primarily governs thermal transport in
semiconductors and insulators, while electronic thermal con-
ductivity is dominant in metals. Achieving ultralow thermal
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conductivity in materials is particularly
valuable for addressing challenges in appli-
cations such as thermal barriers, energy
conversion devices, and thermal manage-
ment systems.["””) However, it remains a
significant challenge to attain such extreme
values, as ki, is intrinsically influenced by
the material’s structure and constituent ele-
ments, which directly impact phonon prop-
agation and scattering,**

The lattice thermal conductivity ki, is
inversely related to the phonon mean free
path (/) and phonon group velocity (vVpho)
as expressed by the equation kj,s=1/3 ¢,
| vono, Where ¢, is the heat capacity. Tradi-
tionally, kj,; has been reduced by shorten-
ing I through various phonon scattering
methods such as alloying,"~! doping,®°!
and creating nanostructures.'>*" These techniques disrupt pho-
non transport across different frequency ranges: alloying and
doping affect high-frequency phonons, while nanostructures
impact low-frequency phonons. Recently, complex defect archi-
tectures with multiple scattering mechanisms have emerged as a
strategy for suppressing ki,;. Some novel compounds, including
SnSe,!'? K,BigSe;3,I"* TlinTe,,"* AgBi;Ss,[** and CdSb,'? dis-
play intrinsically ultralow x,; without relying on external defect
structures. This behavior is attributed to strong anharmonicity in
their structures and chemical bonds, which softens the crystal
lattice and reduces the phonon group velocity (vph), providing
an unconventional means of lowering kj,;.

In addition, 2D van der Waals (vdW) or vdW-like semicon-
ductors such as Bi,Te;,”) InSe,[*® and SnSe,*! exhibit intrin-
sically low ki, along the perpendicular layer direction due to the
presence of weak interlayer interactions. More importantly,
once the interlayer periodicity is broken, the phonon transport
will then be further suppressed. For example, through the spon-
taneous formation of Sn,,Sby,Tes, . heterostructures by
intergrowing the Sb-rich layers within the SnTe matrix, the
Kot is reduced from 2.88Wm 'K™' in pristine SnTe to
0.8Wm 'K! in SnggsSbyisTe at room temperature.[zol
Compared to the lattice thermal conductivity of pure TiS, at
323 K, which is ~1.67 W m™' K™ !, the introduction of periodic
disorder to form (BiS); »(TiS;), through the alternate stacking
of pure TiS, and BiS significantly reduces the lattice thermal
conductivity to 0.65 Wm ™ K12

The nontoxic, low-cost 2D vdW semiconductor SnS; has a lay-
ered structure and can form polytypes with nearly equal lattice
energies, such as 2H, 4H, and 18R-SnS,, according to the differ-
ent stacking orders between layers.*?! Here, we report a new
strategy to reduce the lattice thermal conductivity of SnS, by
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regulating the interlayer periodicity. The mixed 2H and 4H
phases were obtained by high-energy ball milling during the
mechanical alloying process. The introduction of the 4H phase
disrupts the long-range periodic arrangement of the 2H phase,
which enhances phonon scattering and reduces the lattice ther-
mal conductivity to ~1.18 Wm™ 'K ™' at 673K, a record-low
value for SnS,.

2. Results

SnS, exhibits a characteristic Cdl,-type layered structure, where
each unit cell comprises two sheets of hexagonally close-packed S
atoms, with Sn atoms occupying the octahedral voids between
these S layers. Research findings indicate that SnS, can display
multiple polytypisms, forming various crystal structures such as
2H and 4H, distinguished by increased periodicity along the
c-axis, as illustrated in Figure 1a. The 2H and 4H SnS, structure
shows a two-layer periodicity and a four-layer periodicity, respec-
tively. As the 2H and 4H phases coexist along the c-axis, the peri-
odicity between the SnS, layers is broken. Consequently, SnS,
semiconductors with lower thermal conductivity can be obtained.

We synthesized SnS, using the strategy of mechanical alloying
combined with spark plasma sintering (SPS). First, powder X-ray
diffraction (PXRD) results for samples with a series of ball-
milling times from 4 to 7 h are given in Figure 1b. For 4h of ball
milling time, the Bragg reflection peak of the resulting powder
shows a mixed phase of SnS and SnS,, suggesting SnS, has not
been fully synthesized yet. As the ball milling time was over 6 h,
the relative intensity of the peaks of SnS, is significantly
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enhanced, indicating that more SnS; is synthesized with increas-
ing ball milling time. Afterward, the powder with a ball milling
time of 7 h was further densified by employing SPS. The PXRD
pattern of the densified sample shown in Figure 1c is indexed as
the mixed phase of the 2H and 4H polytypes of SnS,. Some small
impurity peaks are indexed to Sn,S;, whose content is estimated
to be about 4.5 at% by refinement.

We characterized the atomic-level microstructures for identi-
fication of the periodicity of the constructed SnS, in Figure 2.
The sample was observed by a double Cs-corrected transmission
electron microscope (Cs-corrected TEM). The high-angle annular
dark-field (HAADF) image in Figure 2a shows that the sample is
composed of numerous grains with different orientations and
holes. The element distribution of Figure 2a was collected by
energy-dispersive spectrometer (EDS). It can be seen that except
for the hole part, Sn and S elements are evenly distributed in the
entire area, as shown in Figure 2b,c. The atomic compositions of
Sn and S atoms in this area are 33.83% and 66.17%, respectively,
which is consistent with the stoichiometric ratio of SnS,.
Figure 2d shows a representative high-magnification scanning
transmission electron microscopy (STEM) image, which can
obtain information on the atomic arrangement and local compo-
sition. Since Sn atoms (Z=50) are heavier than S atoms
(Z=16), the bright atoms in the image are Sn and the dim atoms
are S. Local magnification reveals the presence of 2H and 4H
polytypes (the inset in Figure 2d). The selected area electron dif-
fraction (SAED) of the area in Figure 2d is shown in Figure 2e,
and two sets of diffraction spots along the [0 0 0 1] zone axis can
be obtained. This result well confirms our design strategy that
2H and 4H coexist by stacking along the c-axis. The higher
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Figure 1. a) The phase structures of 2H and 4H-SnS; viewed along the g-axial direction. XRD pattern of precursor powders with b) different milling times

and c) the SnS; bulk.
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Figure 2. Microstructure of SnS, samples. a) Low-magnification TEM image shows the microstructure of the sample; corresponding EDS mapping for
elements, b) Sn, and c) S; d) High-resolution transmission electron microscope image with contrast fluctuations. The top-right inset is an enlarged image
of the yellow box area; e) SAED pattern of the area of (d); and f) atomic-resolution HAADF image.

magnification STEM image (Figure 2f) collected images of SnS,
along the [2 —1 —1 0] zone axis, which is calibrated as mixed
periodic atomic layers for 2H and 4H. Namely, the interlayer
stacking cycle of SnS, is broken successfully via mechanical
alloying combined with the SPS strategy.

We measured the total thermal conductivity (k) of the SnS,
bulk in the temperature range of 350-700 K along the directions
perpendicular and parallel to the SPS sintering. The ki for the
perpendicular and parallel SPS directions shows 2.98 and
1.82Wm 'K™' at 373K, respectively. For layered material
SnS,, the bulk sample is composed of numerous lamellar grains
and has a strong texture along the vertical SPS sintering direc-
tion.[? The significantly lower ki in the parallel pressure direc-
tion results from phonon scattering and weaker vdW bonding in
the SnS, interlayer. As temperature increases, the difference in
Kior along these two directions gradually narrows, and reaches
1.36 and 1.18 Wm 'K ' at 673 K, respectively. The reproduc-
ibility of thermal transport properties is of fundamental impor-
tance for the reliability of results. The thermal transport
properties for SnS, were characterized using specimens from
the two independent synthesis batches (Figure S1, Supporting
Information). These results demonstrate an excellent reproduc-
ibility of the experiment. The lattice thermal conductivity xj, is
calculated from the formula ki,; = Kot — Kele = kot — L 6 T, where
Lis Lorentz number (Table S1, Supporting Information).** The
calculated i, changes with temperature and the comparison to
previously reported data for SnS, are shown in Figure 3b. From
350 to 700 K, the ki, and the ki are almost equal, which means
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that the thermal transport of SnS, is dominated by phonon trans-
port in the entire tested temperature range, and electrons have
almost no contribution to thermal transport (Figure S2,
Supporting Information). The &, of 298 Wm™'K™! at 373K
in the perpendicular SPS direction is close to the reported iy
of SnS, without specifying the measurement direction, which is
3.13Wm 'K ! at 373 K2 In contrast, the ki parallel to the
SPS direction shows a suppressed value of ~1.18 Wm™'K!
at 673 K, much lower than that reported previously’?” over the
entire measurement temperature range. To clarify the effect
of different microstructures on the reduced lattice thermal
conductivity, we have taken the Sn,S; second phase, grain bound-
aries, and vacancies/nanopores into consideration in the Debye—
Callaway model. Figure S3 and S4, Supporting Information
demonstrate that these factors have marginal effects on the
reduction in lattice thermal conductivity. Therefore, the break-
ing of the SnS, interlayer periodicity plays a significant role in
suppressing the ;.

To further understand the charge distribution in SnS,, we first
calculated the electron localization function (ELF) of 2H and 4H-
SnS,. As a robust indicator of electron pair localization, ELF
allows for direct assessment of chemical interactions between
neighboring atoms.*! Figure 4a,b shows the ELF projected along
the [1 1 —2 0] direction for 2H and 4H, respectively. The color
Dbars from blue to red can represent the increase in electron local-
ization. The ELF value between a part of Sn and S atoms is
0.7 =~ 0.8, which indicates the existence of covalent bonding prop-
erties between the two, while an obvious green halo is observed
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Figure 3. The thermal conductivity of SnS,. a) The total thermal conductivity ko and b) temperature-dependent kj,; of SnS; in this work compared with
other reported ki,r of SnS; including pure-SnSz,[Z3] 3L and 5L SnS,,5? and the calculated ki of pristine SnS, by a Debye—Callaway model.
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Figure 4. ELF for a) 2H and b) 4H-SnS,; the electronic band structure of ¢) 2H and d) 4H-SnS,; and the phonon spectra of €) 2H and f) 4H-SnS,.

around another part of Sn and S atoms, with an ELF value of
~0.4, which is consistent with the previously reported SnS, as
an ionic-covalent crystal.”*®!

Since the electronic band structure near the Fermi level has a
great influence on the electrical transport properties of the mate-
rial, we calculated the electronic band structure of 2H and
4H-SnS, as shown in Figure 4c,d, respectively. The electronic
band structures show that the conduction band minimum
(CBM) and valence band maximum of 2H and 4H are not in
the same direction, which indicates that SnS, is an indirect-band
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semiconductor. The band structure shapes at the CBM of 2H and
4H are consistent. Consequently, when the 2H and 4H phases are
mixed, the shape and position of their conduction bands do not
change significantly. This suggests that multiphase mixing has
minimal influence on the electrical transport properties.

As mentioned above, the thermal transport of SnS, is domi-
nated by phonon transport, so we calculated the phonon spectra
of 2H and 4H-SnS,, as shown in Figure 4e,f, respectively. No
negative frequencies are observed in the phonon spectrum, indi-
cating the lattice stability of both SnS, phases.””! Along the I—-A
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Figure 5. Thermoelectric performance of SnS,: a) electrical conductivity;

high-symmetry -paths, the phonon dispersion curves of the two
phases are flatter than those along the I'-K direction, which
means that the phonon group velocity along the out-of-plane
direction is lower than the phonon group velocity along the
in-plane direction, which is related to the weak vdW interaction
between layers. Meanwhile, the optical branches of the phonon
spectra of both phases are much flatter than the acoustic
branches, implying lower phonon group velocities.*®!

Our previous experiments and DFT have suggested that the
mixed SnS, shows potential in suppressing «j,; and maintaining
charge transport, which fits the requirements of thermoelectric
materials. Note that the efficiency of thermoelectric semiconduc-
tors is usually measured by the dimensionless figure of merit
ZT = 5?6 T ki, Where S is the Seebeck coefficient, o is the elec-
trical conductivity, T is the temperature (K), and «, is the ther-
mal conductivity, which includes the lattice thermal conductivity
Kiae and the electronic thermal conductivity kepe.*>%

We measured the electrical properties of the SnS, bulk in the
temperature range of 350-700 K along the directions perpendicu-
lar and parallel to the SPS sintering, as shown in Figure 5. As the
temperature increases, the electrical conductivity of the SnS, bulk
in both test directions also shows an upward trend, showing typi-
cal semiconductor behavior (Figure 5a). The electrical conductivity
in the direction perpendicular to the SPS direction increases even
more, from 0.0003Scm ! at 373K to 0.0930Scm ™' at 673 K.
Within the entire test temperature range, the Seeback coefficients
of the SnS, bulk in both test directions are close (Figure 5b). The S
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value increases from ~—1100 pV K" at 373 K to ~—700 pV K™*
at 673 K, all of which are negative, indicating that SnS, is an
n-type semiconductor due to the intrinsic S vacancy.?*>*
The power factor is calculated by the formula PF=$*c
(Figure 5c). The resulting value of PF in the perpendicular
SPS direction is 0.046 uW m™' K™% at 673 K. Figure 5d shows
the variation of the ZT value of the SnS; bulk with temperature.
Although the electrical conductivity of the SnS, bulk is extremely
low, by reducing the lattice thermal conductivity, its ZT value is
1.6 times higher than that of the single-phase SnS,.””! Further
enhancements of ZT can be expected by tuning the charge carrier
concentration through doping.

3. Conclusion

Lattice thermal conductivity plays a key role in thermal transport
within semiconductors and insulators. Achieving small «y,, is
particularly important for addressing challenges in areas like
thermal barriers, energy conversion systems, and thermal man-
agement. In crystalline materials, thermal transport is largely
driven by lattice vibrations, and breaking the inherent periodicity
of the lattice can effectively reduce phonon transport. We display
a strategy for ki, suppression in the vdW semiconductor SnS, by
engineering the layer stacking period. The stacking structure of
SnS, layers is disrupted through mechanical alloying combined
with SPS. Cs-STEM revealed a coexistence of 2H and 4H phases
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along the c-axis, showing long-range ordered but short-range dis-
ordered arrangements. Subsequently, the «j,; of SnS, decreases
to around 1.18 Wm ™' K™ ! at 673 K. This strategy offers promis-
ing prospects for SnS, in applications requiring low thermal
conductivity, such as thermoelectric technology.

4. Experimental Section

Samples Synthesis: Sn powder (99.99%) was purchased from
ZhongNuo Advanced Material (Beijing) Technology Co., Ltd., and S pow-
der (99.999%) was purchased from Aladdin Company. The two elements
were weighed according to the stoichiometric ratio and placed in a stain-
less steel vessel. The above operations were carried out in a glove box
containing argon gas. Mechanical alloying was performed using a ball mill-
ing machine (MSK-SFM-3-11) with a ball-to-powder ratio of 30:1, maintain-
ing a rotation speed of 600 rpm for 7h. The as-prepared powder was
consolidated via spark plasma sintering (SPS-3T-3-MIN(L), Chenhua
Technology Co., China) in a graphite mold under vacuum conditions.
The sintering process was conducted at 723 K for 5 min with an applied
axial pressure of 50 MPa, yielding cylindrical specimens with approximate
dimensions of 15 mm in thickness and 13 mm in diameter. The bulk den-
sity of the sintered samples was measured using an Archimedes densim-
eter (S)-600G, Shuju Instrument Technology Co., Shanghai, China). For
subsequent characterization, the densified samples were precisely sec-
tioned using a low-speed diamond saw, with bar-shaped specimens pre-
pared for electrical transport measurements and disk-shaped specimens
for thermal property evaluations.

PXRD: All XRD patterns for samples were collected using a DX-27MINI
powder X-ray diffractometer equipped with a Cu Ka (A =1.5418 A) graph-
ite monochromator, which operates at 40kV and 13 mA (Haoyuan
Instrument Co., Ltd., China). The measurement angle for the samples
ranges from 10° to 60°, with a step width of 0.02°.

TEM: The samples for cross-sectional STEM were prepared into a
wedge shape using a focused ion beam system (Helios G4 CX, FEI) with
gallium ion milling. Before ion milling, a protective platinum layer was
deposited on the specimen surface via sputtering. Structural and compo-
sitional analyses were conducted using a double Cs-corrected TEM
(Themis Z, FEl) operating at 200kV, equipped with a silicon drift
detector (SDD) EDS system (Solid Angle 0.9-sr, X-MaxN T00TLE,
OXFORD). STEM imaging was performed using a high-resolution CCD
detector (2 x 2k pixels) integrated with a GIF-QuantumER imaging filter
(GATAN). For STEM-EDS elemental mapping, a probe size of 0.13 nm and
a probe current of 40 pA were employed.

Charge Carrier Transport: The SPS-processed samples were sectioned
and polished into various shapes and dimensions for the characterization
of their charge and thermal transport properties. For simultaneous mea-
surement of the Seebeck coefficient and electrical conductivity, bar-shaped
specimens with dimensions of ~12 x 3 x 3 mm?® were prepared. These
measurements were conducted using a CTA-3S system (Beijing Cryoall
Science and Technology Co., Ltd., China) in a low-pressure helium atmo-
sphere across a temperature range from room temperature to 673 K.

Thermal Conductivity: To protect the sample surface during measure-
ments, a graphite coating was applied. Thermal diffusivity (D) was deter-
mined through the laser flash diffusivity method using a Linseis LFA 1000
instrument under helium flow, with measurements performed on disk-
shaped samples measuring ~13 mm in diameter and 1.0 mm in thickness.
The total thermal conductivity (ki) Was then calculated through the fun-
damental relationship kit = D-C,-p, where p denotes the material density.
The temperature-dependent specific heat capacity (C,) was derived from
the equation C,= (3 x Rx N)/M]g ' K", incorporating the ideal gas
constant (R), material quantity (N), and molar mass (M). The lattice
thermal conductivity (k) was derived using the relationship
Kiat = Ktot — Kele = Kiot — LOT), where L is the Lorenz number, estimated
based on a single parabolic band model, and ¢ denotes the electrical
conductivity.
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First-Principle Calculations: All of the first-principle calculations were
based on the Vienna Ab initio Simulation Package (VASP).! The interac-
tion between ions and valence electrons was described by projected aug-
mented wave,?® and the exchange—correlation interaction was described
by the Perdew—Burke—Ernzerhof generalized gradient approximation.72l
The cutoff energy was set as 450 eV, and the convergence criteria for self-
consistent electronic energy and residual force were respectively assumed
to be 1076 eV atom™' and 0.01 eV A", which could ensure sufficient accu-
racy. The k points are set to 9 x 9 x 4 based on Monkhorst—Pack meshes
for all SnS,-type structures in the P-3m1 and P6smc phases. For band
structure calculations, the paths of the Brillouin zone were set up based
on previous work,*®! and the results of the projected band structures were
obtained using the VASPKIT. The visualization of the ELF was performed
using VESTA 4!

The crystal’s periodic solution was modeled using Bloch states with a
I-centered™®'! grid of 15 x 15 x 15 and a plane-wave energy cutoff of
500 eV, ensuring force convergence below 0.01 eV A™" and energy conver-
gence below 0.1 meV. For molecular dynamics simulations, a 4 x 4 x 4
supercell of the primitive cell was utilized within the canonical ensemble,
employing a Nosé—Hoover thermostat. A supercell was designed with a
stoichiometric ratio of 1:2 between Sn and S. The simulations were carried
out over 10 ps with a time step of 1 fs at 300 K, using a plane-wave cutoff of
500 eV. The molecular dynamics data, including forces and displacements,
were used to extract renormalized force constants at finite temperatures
using the TDEP package.**™** The cutoff radii for second- and third-order
force constants were set to 8 and 6 A, respectively. Thermal conductivity
was calculated using the Phono3py package,*™"! with a converged g-
mesh of 16 x 16 x 16. The force constants were converted from TDEP for-
mat using custom in-house scripts for this purpose.l®!

Calculation of Temperature-Dependent «j,, Based on the Modified
Debye—Callaway Model: The lattice thermal conductivity (ki) as a function
of temperature was calculated through the modified Debye—Callaway
model expressed by Equation (1)

op
kg [(kgT\? x*e*
Kiat = ?F;V (BT> /Ttot(x)wdx m
0

where v is the average sound speed, 0y, is the Debye temperature, 7,4 is
the total phonon scattering relaxation time, x is defined as 7w /kgT, and w
is the phonon frequency.

v can be calculated

)

v, and v; are the longitudinal and transverse sound velocities,
respectively.
6p can be calculated

A 677.'2 1/3
o= (&) v o

The phonon scattering relaxation time for the respective mechanism
can be expressed as follows:
Umklapp phonon scattering

2 kgV'3Y20?
S =A 4
T N (672)'/3 M3 (4)

Here, V and y are the volume per atom and Griineisen parameter,
respectively.
Precipitates scattering

w =viop o) Ve ()

Here, the scattering cross section in short- and long-wavelength
regimes are o; = 27R? and o) = 37R?(AD/D)*(wR/v)*, respectively;
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D and AD are the mass density of the matrix and the difference between
the particles and matrix; Vp is the number density of the particle phase.
The data used for calculations are taken from previous work.!*>="

Calculation of Lorenz Number: Lorenz number (L) can be approximated
by the Equation (6) and (7)

\2[PF,  (FL)?
= () e - )] g

o0

"FN = / (—a—f> e"(e 4+ ae?)"[(1 + 2ae)? + 2]¥/2de (7)

Oe
0

In the equations, e is the elementary positive charge and « is the recip-
rocal reduced bandgap given by kgT/E;, in which E; is the bandgap.
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