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Ag, Bi codoping leads to ultralow thermal conductivity in SnS.

Public summary

m Codoping Bi with Ag increases the solubility of Ag from 2% to 3% because of the charge balance, increasing the scatter-
ing center concentration to three times that of SnS doped with Ag alone.

m The lowest thermal conductivity appears for Ag(;Big3SngesS, 0.535 W-m'-K™' at room temperature and 0.388
W-m"-K™" at 275 °C, below the amorphous limit of SnS (0.45 W-m™"-K™"), which is a tremendous increase.

m Point defects at the atomic scale and grain boundaries at the nanoscale scatter phonons synergistically, providing insight
into ultralow thermal conductivity.
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Abstract: Materials with low thermal conductivity are applied extensively in energy management, and breaking the
amorphous limits of thermal conductivity to solids has attracted widespread attention from scientists. Doping is a common
strategy for achieving low thermal conductivity that can offer abundant scattering centers in which heavier dopants always
result in lower phonon group velocities and lower thermal conductivities. However, the amount of equivalent heavy-atom
single dopant available is limited. Unfortunately, nonequivalent heavy dopants have finite solubility because of charge im-
balance. Here, we propose a charge balance strategy for SnS by substituting Sn** with Ag" and heavy Bi*, improving the
doping limit of Ag from 2% to 3%. Ag and Bi codoping increases the point defect concentration and introduces abundant
boundaries simultaneously, scattering the phonons at both the atomic scale and nanoscale. The thermal conductivity of
Ag03Big03Sng ¢4S decreased to 0.535 W-m™-K™' at room temperature and 0.388 W-m™'-K™" at 275 ‘C, which is below the
amorphous limit of 0.450 W-m™-K™" for SnS. This strategy offers a simple way to enhance the doping limit and achieve ul-

tralow thermal conductivity in solids below the amorphous limit without precise structural modification.

Keywords: charge-balanced codoping; heavy atom; point defect; grain boundary; ultralow thermal conductivity

CLC number: TB34 Document code: A

1 Introduction

Exploring the thermal insulation limit of materials has been a
popular research topic in recent years, and these materials
have great application value in fields such as aerospace!, in-
tegrated semiconductors”, and thermoelectric conversion'.
The heat conduction in solid materials mainly comes from
phonons (lattice vibrations)'*. Different crystals usually have
different phonon group velocities and relaxation times and
thus have different thermal conductivities. Generally, heavier
atoms, weaker bonds and more complex structures all contrib-
ute to lower thermal conductivity!”. Therefore, reducing the
thermal conductivity of solid materials mainly focuses on the
design of the material structure to limit the transmission of
phonons in solids. Previous studies have focused on the form-
ation of superlattices™ ", anisotropic bonding®*'!, and the in-
troduction of defect engineering!*'*, which all decrease the
thermal conductivity by enhancing phonon scattering and re-
ducing the mean free path of phonons.

Defect engineering is a simple and effective method that
can significantly reduce thermal conductivity!*'*. Dopants
with heavy atomic masses and compatible radii and charges
are ideal candidates. After doping, phonons are generally
scattered by defects. The heavier the dopant is, the stronger
the scattering is"'”. The smaller the “size difference” of the
dopant is, the greater the doping concentration, and thus, the
more scattering centers there are!'®. When the doping atoms
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are equivalent to the host atoms, the whole system charge can
be balanced, but the available doping elements are limited.
Taking dopants for SnS as an example, Ge** has a lighter
mass and smaller radius, and Pb* is toxic!”. Nonequivalent
atoms used for doping always have limited solubility or in-
stability due to charge imbalance, resulting in the concentra-
tion of confined point defects, so the decrease in thermal con-
ductivity is limited***. Considering the ionic radius, TI" is
more suitable for SnS than Ag", but TI" is toxic, so there are
more studies on Ag-doped SnSP". In Ag-doped SnS, for ex-
ample, because of charge mismatch, the doping amount of Ag
is limited to less than 2%, so it is difficult to increase the
thermal conductivity to a much lower level'**!. Exceeding the
normal doping limit is favorable for more point defects,
which may be effective for realizing a further decrease in
thermal conductivity.

In this article, we report a charge-balanced codoping
strategy for SnS to effectively improve the impurity doping
content. Trivalent Bi** with a heavy atomic mass and an ionic
radius similar to that of Sn** was screened out as a codopant
of Ag® in SnS to achieve ultralow thermal conductivity
(Fig. 1a). By utilizing equal amounts of trivalent Bi ions and
monovalent Ag-codoped SnS, the doping content of Ag in-
creased from 2% to 3%, and the number of impurity atoms in-
creased by three times. At the same time, the atomic mass dif-
ference between Bi and Sn is greater than that between Ag
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Fig. 1. (a) Illustration of atomic mass of metals with trivalent ions. Darker colors mean heavier atomic mass, and the radii of the circles reflect of their
trivalent ions. Top scheme shows phonons’ group velocity declines when meeting with heavier atoms. (b) Illustration of SnS crystal structure and
changes after charge balance codoping, in which gray, yellow, purple and green balls refers to Sn*, S*, Bi* and Ag", respectively.

and Sn, strengthening point defect scattering. In addition, the
doping of heteroatoms also reduced the grain size of poly-
crystalline SnS and increased the grain boundary scattering of
phonons, as shown in Fig. 1b. Accordingly, the thermal con-
ductivity of Agg3Big3Sng04S decreased to 0.535 W-m™"-K™'
at room temperature, which is two times lower than that of
SnS. The thermal conductivity gradually decreased with in-
creasing temperature and reached as low as 0.388 W-m™'-K™!
at 275 °C, which is lower than the amorphous limit of
SnSP*, This work provides new ways to overcome the low
thermal conductivity limit of solid materials by enhancing the
doping limit.

2 Experiments

High-purity raw materials of Sn, S, Ag and Bi were weighed
and mixed in quartz tubes according to the stoichiometric ra-
tio of Sn;,,Ag.Bi,S (x = 0, 0.01, 0.02, 0.03), with the total
mass fixed at 4.000 g. The tubes with the raw materials were
evacuated and flame-sealed under a pressure of 10~ Pa. The
samples were heated to 873 K over 12 h, soaked for 40 h,
heated to 1223 K over 10 h, maintained for 10 h, and sub-
sequently cooled to ambient temperature in the finances. The
obtained ingots were crushed into powders by hand milling
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and then densified using a spark plasma sintering (SPS) meth-
od (SPS-3T-3-MIN(T)) at 873 K for 5 min in a 10.0 mm dia-
meter graphite die under 0.5 t pressure in vacuum. The ob-
tained pellets were then used for measurement of thermal
properties.

3 Results and discussion

Through brief high-temperature vacuum-sealed tube melting,
we obtained SnS crystalized in the orthorhombic phase with
the space group Pnma, as shown in Fig. 1b. Specifically, Sn**
has three stronger Sn—S bonds and four weaker Sn—S bonds,
forming a distorted SnS; polyhedral coordination!*""., Due to
the lone pair electrons of Sn*, its distorted structure results in
its intrinsic anharmonicity. Fig. 2a shows the powder X-ray
diffraction (XRD) patterns of Sn;, Ag Bi,S (x=0, 0.01, 0.02,
0.03). All the main diffraction peaks match well with the
standard card of SnS (PDF#14-0620) without obvious impur-
ity peaks. The doped Ag and Bi are well distributed in the
SnS matrix (Fig. 2b), and the element ratios measured by
ICP—AES are close to the theoretical ratios (Table S1). Fig. 2¢
and Fig. 2d show the smooth surface of the pellets and the in-
trinsic layered structure of the doped SnS. Most previous
studies doped SnS with 2% Ag!"**, but we enhanced the dop-
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Fig. 2. (a) XRD patterns of Sn;, AgBi.S (x =0, 0.01, 0.02, 0.03). (b) SEM—-EDS mapping of Sn¢,Ag03Big03S, showing even dispersion. (c, d) SEM
images of Sng04Ag03Big3S pellets from top view and beveled view, respectively. XPS spectra of SnS and Sng 4Ag 03B1j 03S: (e, f) 3d orbitals of Sn ele-
ment; (g) 2p orbitals of S element and 4f orbitals of Bi; (h) 3d orbitals of Ag element.

ing limit to 3% simply by codoping Bi with Ag. As Fig. S1
shows, when the doping amount x exceeds 0.03, a diffraction
peak appears at approximately 45° attributed to the (220)
plane of AgBiS,; in the XRD pattern. Thus, we considered 3%
to be the doping limit of Ag and Bi in SnS. When x > 0.03,
the second phase of AgBiS, appears, demonstrating that the
Ag and Bi atoms are no longer dissolved in the SnS matrix.
Therefore, we believe that 3% is the doping limit of Ag and
Bi in SnS.

The radii of Ag® and Bi** are both similar to that of Sn** in
SnS, so they are less likely to induce strain field
fluctuations!**. Fig. S2 shows the lattice parameters de-
duced from XRD (PDF#14-0620, a = 11.19 A+ 0.02 A, b =
3.98 A+ 0.02 A, ¢ = 433 A+ 0.02 A). On the other hand,
charge neutrality contributes to the improved doping limit.
Fig. 2e—h shows the X-ray photoelectron spectra (XPS) of
different elements in Sn;_,,Ag,Bi.S (x=0, 0.03). In Fig. 2e¢ and
f, the peaks at 485.5 eV and 493.9 eV are in line with those of
Sn** 3ds, and Sn** 3ds,, while the peaks at 486.6 ¢V and
495.0 eV are assigned to the Sn** 3ds, and Sn* 3d;, orbitals,
respectively. All the peaks of SnS and doped SnS are consist-
ent, indicating that there is no variation in Sn after doping.
The presence of Sn* is due to surface oxidation. As the bind-
ing energies of the S 2p orbitals and Bi 4f orbitals are in the
same energy range, we plot them in the same graph (Fig. 2g).
The binding energies of 160.9 eV and 162.1 eV are consist-
ent with that of S*, while the binding energies of 161.8 eV
and 163.0 eV are consistent with that of absorbed S, with a
splitting energy of 1.2 eV. The peaks at 163.4 ¢V and 158.1
eV are assigned to Bi 4fs;, and 4f;,, of the trivalent Bi** ion,
indicating that Bi exists in the form of Bi*". In Fig. 2h, the two
peaks at 373.8 eV and 367.8 eV are attributed to Ag 3ds, and
3ds, of Ag’, respectively. XPS confirmed that Ag and Bi
were doped in the SnS matrix in the form of Ag" and Bi*, re-
spectively. Monovalent Ag" will destroy the charge balance
when replacing divalent Sn** in SnS, so its doping limit is
low™!. After adding Bi, trivalent Bi** can offset the charge im-
balance, thus improving the doping limit of Ag*. However,
the doping limit can only increase to 3% (as determined by
XRD), although the amounts of Ag" and Bi*" that are equally
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substituted for Sn** are charge balanced. This is because Ag”
and Bi** are inclined to accumulate to form Ag'-Bi** pairs to
maintain charge balance around the substation sites”. With
increasing doping amount, the Ag™-Bi* pair areas increase,
and a second phase of AgBiS, appears. To conclude, we in-
crease the doping limit of Ag in SnS from 2% to 3% by
codoping with an equal amount of Bi.

We performed thermogravimetric analysis (TGA) on all the
samples to test their thermal stability. As shown in Fig. S3, all
the doped and undoped samples are thermally stable at tem-
peratures up to 625 °C, and they begin to decompose at high-
er temperatures, consistent with previous research®!. Thus,
the samples can maintain thermal stability during preparation
and measurement.

The thermal conductivity is calculated by the formula
k=D-Cp-p, where k is the thermal conductivity, D is the
thermal diffusivity, Cp is the specific heat and p is the dens-
ity. As we can see from Fig. 3a, the thermal conductivity of
Sn, ., Ag,Bi,.S parallel to the press decreases significantly as x
increases, from 1.367 W-m'-K™' for x=0 to 0.535 W-m"-K"!
for x=0.03 at room temperature, which is lower than that in
previous studies!***>** (Fig. 3d). At 275 °C, the change has
the same trend, but the gap decreases, and the thermal con-
ductivity of SngosAgo3Bigo3S reaches 0.388 W-m™-K™,
which is below the amorphous limit of SnS (0.450
W-m™-K™. Interestingly, the thermal conductivity perpendic-
ular to the press decreases less than that in the parallel direc-
tion (Fig. 3b). This is due to the layered structure of SnS
(Fig. 2¢ and d)?". Due to the 2D nature of the SnS structure,
the nanosheets tile along the planes spontaneously when
pressed. Thus, the thermal conductivity parallel to the sinter-
ing pressure direction is the out-of-plane thermal conductiv-
ity, and that perpendicular to the sintering pressure direction
is the in-plane thermal conductivity. The former is lower than
the latter”. As boundaries have more influence on the out-of-
plane thermal conductance than on the in-plane
conductance®, the thermal conductivity parallel to the press
decreases more, and the anisotropy increases.

Here, we mainly discuss the thermal conductivity parallel
to the press. The thermal diffusivity has a similar trend to that
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Fig. 3. Thermal transport properties of Sn,, AgBi,S (x = 0, 0.01, 0.02, 0.03). (a) Thermal conductivity parallel to the press. (b) Thermal conductivity
vertical to the press. (c) Thermal diffusivity parallel to the press. (d) Compare of ultralow thermal conductivity of SnS in previous researched and this

work.

of the thermal conductivity (Fig. 3c). The specific heat re-
mains almost constant regardless of whether the variable is
temperature or impurity (Fig. S4), so the variation in thermal
conductivity mainly comes from fluctuations in thermal dif-
fusivity. The thermal diffusivity can be described as
D =v*1/3, where v is the phonon group velocity and 7 is the
relaxation time of the phonons'. Furthermore, t can be writ-
ten as:

v
=7 +7' +17; = Aw' + BO&’T + 7

where 7, 7, and 75 are the relaxation times contributed by
point defects, anharmonic (Umklapp) phonon scattering, and
boundary scattering, respectively, w is the phonon frequency,
T is the temperature, L is the grain size, and 4 and B are coef-
ficients related to Rayleigh and anharmonic scattering, re-
spectively!”. Only 7, is temperature dependent and propor-
tional to 7. SnS is intrinsically anharmonic, so 7, is the dom-
inant part of the relaxation time in pure SnS. Moreover, im-
purity defect scattering is suppressed in SnS, and the grains
are relatively large (in contrast to doped SnS, discussed be-
low), so the thermal conductivity (or thermal diffusivity) is
proportional to z,, namely, 7' (in Fig. S5). After Ag and Bi
are doped, defects are introduced; thus, 7, cannot be ignored.
Moreover, the grain size of the ingots decreases, and the num-
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ber of boundaries increases, further decreasing 7. Con-
sequently, the x—T (or D-T) plots become flat. The influence
of point defects and boundaries on the thermal conductivity
will be discussed further.

Point defects (atomic scale). Doping is a conventional
strategy for suppressing the thermal conductivity of
solids!"**~. External atoms with distinct masses and radii
introduce mass fluctuations and strain. The relaxation time
contributed by point defects 7, can be expressed as'**":

4
T, = j’—&l—x)x{[(M—MA)/M]z+e[(d—d,-)/d12},
y19%
where x is the impurity concentration, M and M; are the
masses of the host atoms and dopants, respectively, ¢ is an
adjustable strain-related parameter, and d and d; are the radii
of the host atoms and dopants, respectively. Fig. 4a shows a
typical high-angle annular dark-field scanning transmission
electron  microscopy  (HAADF-STEM) image  of
Sng g4Agg 03Big 035, confirming that Bi is doped into the
lattice. Ag and Sn have similar atomic masses, so it is diffi-
cult to distinguish them in HAADF-STEM images. Further-
more, the doped atoms are evenly distributed in the SnS mat-
rix at the nanoscale (Fig. 4b). Since the mass and radius of
Ag" are not much different from those of Sn*, the thermal
conductivity of Ag-doped SnS can only be as low as
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Fig. 4. (a) HAADF-STEM image of Sng,Ag03Big3S along the (100) direction, where Sn and S atoms are depicted in gray and yellow; the red circles
are highlighted Bi atoms. The right panel shows the crystal structure of SnS in the same projection. (b) HRTEM-EDS mapping of Sn ¢,Ag 03Bi03S. (c,
d) HRTEM images of SnS and Sn,Ag03Big03S, respectively. Insets are enlarged images of selected areas. (e) FFT image of the selected area in (d),

showing distinct two sets of diffraction spots.

0.85-0.90 W-m™"-K™" at room temperature when x < 0.020'%,
The addition of Bi, however, increased the doping amount of
Ag to 3% and at the same time increased the doping amount
of Bi by 3%, which increased the number of point defects by
three times. It is apparent that (1 —x)x increased with x when
x < 0.5. Moreover, the relative atomic masses of Ag, Bi and
Sn are 107.87, 208.98 and 118.71, respectively. The mass gap
between Bi and Sn is significantly larger, thus inducing great-
er mass fluctuations. For comparison, we used Cr(III) (relat-
ive atomic mass: 52.00) codoped with Ag. As Fig. S6 shows,
Ag03Bigg3SngosS and Agg3Cry3Sny oS both have lower
thermal conductivities than SnS. However, as the temperat-
ure increased, the thermal conductivity of Agg3Bigo3SngosS
decreased much more than that of Ag;Crg3Snye4S. This
may be because Cr has a much lower atomic mass, so the
scattering of phonons is not as strong as that of Bi. Bi is the
heaviest nonradioactive element, so we believe Bi is the best
codopant for Ag in SnS. Therefore, the thermal conductivity
of SnggsAgo3Big3S decreased to 0.535 W-m™-K™' at room
temperature and decreased to 0.388 W-m™'-K™ at 275 °C. For
the strain field, the radius differences between Ag”/Bi** and
Sn** are both much less, so they can be neglected.

Boundary scattering (nanoscale). In Fig. 4c and d, we
can see that SnS and Sng g,Agy 03Big03S both have typical SnS
orthorhombic lattices. However, after adding dopants, the
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number of boundaries increases. Fig.4e shows the FFT
images of the yellow dotted line region, and there are two
distinct sets of diffraction spots for Sn, indicating that there
are grain boundaries in the region. The number of grain
boundaries increases upon doping with Ag and Bi, which is
another reason for the decrease in the thermal conductivity of
Sn,, AgBi S A greater number of boundaries means
smaller grains, thus decreasing 7; and the thermal diffusivity.
Various abundant boundaries strongly scatter phonons with
mean free paths (MFPs) at the nanoscale, thus inhibiting heat
transport and further reducing the thermal conductivity.

Overall, all samples in our research are polycrystalline with
grain boundaries. However, after adding Ag and Bi, the grain
size shrinks, thus leading to more boundaries. Structures at
different scales scatter different phonons, reduce 7, and t,
and synergistically decrease the thermal conductivity to 0.535
W-m™'-K™" at room temperature and 0.388 W-m™'-K™ at 275
°C in Sng94Ag003Big.03S-

4 Conclusions

Through a simple high-temperature sealing reaction, we ob-
tained Ag/Bi codoped SnS, increasing the solubility limit of
Ag in SnS from 2% to 3%, which can be determined from the
XRD and EDS images. Charge-balanced codoping by substi-
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tuting Sn** with an equal amount of Ag" and heavy Bi** is an
excellent strategy for realizing ultralow thermal conductivity
in SnS. In the SnS matrix, the codoping of Bi increases the
number of point defects, and due to the greater mass differ-
ence between Bi and Sn than between Ag and Sn, the phonon
group velocity decreases more significantly. In addition, the
addition of Ag and Bi also reduces the grain size of polycrys-
talline SnS and increases boundary scattering, and the joint
effects of the two reduce the thermal conductivity of SnS to
0.535 W-m™-K™" at room temperature and 0.388 W-m™-K™ at
275 °C, lower than the amorphous limit of SnS. This work
provides an effective charge balance strategy for exceeding
the doping limit and achieving ultralow thermal conductivity
in solids.
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