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Low-Temperature ALD of SbO, /Sb,Te; Multilayers with

Boosted Thermoelectric Performance

Jun Yang,* Samik Mukherjee, Sebastian Lehmann, Fabian Krahl, Xiaoyu Wang,
Pavel Potapov, Axel Lubk, Tobias Ritschel, Jochen Geck, and Kornelius Nielsch*

Nanoscale superlattice (SL) structures have proven to be effective in
enhancing the thermoelectric (TE) properties of thin films. Herein, the main
phase of antimony telluride (Sb,Te;) thin film with sub-nanometer layers of
antimony oxide (SbO,) is synthesized via atomic layer deposition (ALD) at a
low temperature of 80 °C. The SL structure is tailored by varying the cycle
numbers of Sb,Te; and SbO,. A remarkable power factor of 520.8 pW m~" K2
is attained at room temperature when the cycle ratio of SbO, and Sb,Te; is set
at 1:1000 (i.e., SO:ST = 1:1000), corresponding to the highest electrical
conductivity of 339.8 S cm~". The results indicate that at the largest
thickness, corresponding to ten ALD cycles, the SbOx layers act as a potential
barrier that filters out the low-energy charge carriers from contributing to the
overall electrical conductivity. In addition to enhancing the scattering of the
mid-to-long-wavelength at the SbO, /Sb, Te, interface, the presence of the
SbO, sub-layer induces the confinement effect and strain forces in the Sb,Te,
thin film, thereby effectively enhancing the Seebeck coefficient and reducing

device architectures, and optimization of
device performance.l'l The development
of efficient thermoelectric materials holds
great promise in addressing longstanding
challenges in carbon-free energy harvest-
ing, heat scavenging, and thermoelectric re-
frigeration applications.?l A good TE mate-
rial should possess the following essential
qualities: high electrical conductivity (o) to
minimize the internal Joule loss, high See-
beck coefficient (S) to generate high out-
put voltages, and low thermal conductiv-
ity (k) to maintain the temperature gradi-
ent across its ends. The efficacy of a ma-
terial as a TE energy converter is evalu-
ated using a dimensionless figure-of-merit,
ZT = 6S*T/(kp+k,), where T is the aver-
age temperature between the hot and the

the thermal conductivity. These findings provide a new perspective on the

design of SL-structured TE materials and devices.

1. Introduction

The prospect of a direct interconversion between thermal and
electrical energies in thermoelectric (TE) materials has gar-
nered significant interest in various areas including the explo-
ration of new materials, fundamental transport studies, novel

cold ends, k; and k; are the contribu-
tions of the charge carriers and lattice, re-
spectively, to the total value of k. Optimiz-
ing the TE power factor (PF) (¢S?) in any
material requires precise tunability of the
most essential transport parameter. A high
power factor in thermoelectric materials signifies their abil-
ity to efficiently convert a temperature difference into electri-
cal power.’] It leads to increased power output, improved en-
ergy conversion efficiency, minimized energy losses, and opti-
mal power transfer, making high power factor thermoelectric ma-
terials highly desirable for various applications. However, these
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parameters are intricately interconnected in any solid-state mate-
rials, making it challenging to independently fine-tune them. As
aresult, despite extensive exploration of various material classes,
such as tellurides, antimonides, oxide-based materials, Heuslers
and half-Heuslers, Zintl phases, organic polymers, and silicon-
germanium alloys for TE applications, the output power of TE
energy conversion has remained relatively low for an extended
period, limiting its widespread adoption beyond a few specialized
domains.[*]

Since the early predictions by Hicks and Dresselhaus,>¢ ex-
ploring the quantum effects and scattering effects in nanostruc-
tured materials has emerged as a powerful paradigm to circum-
vent some of the inherent issues related to the transport pro-
cesses in TE materials.l”) Superlattices (SLs) belong to a class of
nanomaterials that comprises periodic alternating layers of two
different materials. The artificial periodicity brought about by the
layered structure can lead to mini-band formation in the elec-
tronic band structure due to the folding of the Brillouin zone.[®!
In addition, interfaces can also play a crucial role in influencing
the transport properties in SLs. Theoretical studies indicate that
phonons can scatter at the interfaces either specularly or diffu-
sively, or a combination of both.[*!%) Interfacial scattering in ul-
trathin SLs can, in principle, cause phonon interference phenom-
ena and Anderson localization-like behavior of low-frequency
phonons and reduce thermal conductivity.?!

Sb,Te; is a 2D topological insulator (T1), that exhibits gapless
Dirac surface states as a result of the nontrivial topology of the
electronic wavefunction in the bulk.'" Like a lot of other TIs,
Sb,Te; also shows promising TE properties owing to the pres-
ence of heavy elements and narrow band gaps. Additionally, the
high surface-area-to-volume ratio of low-dimensional nanostruc-
tured thin films offers the potential to suppress the bulk trans-
port effect and enhance the efficiency of thermoelectric devices.!
Winkler et al. synthesized Sb,Te; (5 nm)/Bi,Te; (1 nm) super-
lattice structure and achieved an ultralow lattice thermal con-
ductivity of 0.23 W m~! K~L["2] Lee et al. investigated a p-type
Bi, sSb, s Te;/Bi, Te; superlattice film and achieved a satisfactory
power factor value of 4.4 uW m~' K2 due to the low interfa-
cial resistance of the superlattice structure.['*] Hu et al. fabricated
Sb,Te; /metal (Cu, Ag, Au, Pt) multilayer thin films and observed
a significant reduction in thermal conductivity without compro-
mising electron transfer properties by optimizing the material
system.['] The atomic layer deposition (ALD) technique offers
the highest conformality, as well as atomic-level precision in the
film thickness over a wide deposition temperature range, ow-
ing to sequential and self-limiting surface reactions." Earlier
reports have demonstrated that the doping insulator layer can
enhance the TE properties of semiconductor materials by filter-
ing carrier transportation.['®17] SbO, possesses excellent dielec-
tric properties and has great potential for the application of micro-
electronic devices.['#191 Moreover, SbO, exhibits an amorphous
structure, which eliminates lattice mismatch with the crystallized
Sb, Tes.

Here, SbO,,/Sb,Te; (SO/ST) multilayer thin films, which we
also call Ferecrystals, with different periodicities were deposited
by a thermal ALD reactor at a low temperature of 80 °C. The
crystal structure and thermal transport properties of the super-
lattice structure were systematically studied. Compared to the
initial Sb,Te, (291.9 S cm™), the sample 1000 cycles of Sb,Te,
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with one cycle of SbO, (SO:ST = 1:1000) showed a higher elec-
trical conductivity of 339.8 S cm™'. When the continuous SbO,
film was integrated into the Sb,Te; system, a potential barrier
was formed, filtering low-energy carriers. The thermal conduc-
tivity (especially lattice thermal conductivity) of the superlattice
structure of SbO, /Sb,Te; was suppressed due to the enhanced
scattering of the mid-to-long wavelength phonons and the intro-
duction of lattice strain. This study provides a fresh perspective
on enhancing the thermoelectric performance of thin films using
ALD.

2. Results and Discussion

The growth behaviors of single-phase Sb,Te, and SbO, were in-
vestigated prior to the synthesis of the multilayered structure.
For the fabrication of Sb,Te, films, the precursors SbCl; and
(Et;Si), Te were utilized, whereas Sb(OEt), and SbCl, were em-
ployed for the synthesis of SbO, films. In order to obtain a good
interface between Sb,Te, and SbO,, the thin films were deposited
at the same reactor temperature of 80 °C without any vacuum
break (see more details in the Experimental Section). Sb,Te, thin
film is the main phase of the SL structure with different sub-
cycle numbers of the SbO, layer. The electrical transport prop-
erties of SO/ST heterostructure were measured with the differ-
ent sub-cycle numbers of SbO,, with temperatures ranging from
293 to 473 K, as shown in Figure 1. The carrier concentration
and electrical conductivity using Hall measurement are shown in
Figure 1a,b. At the measurement temperature of 293 K, the car-
rier concentration (n) of Sb,Te, is 1.16 X 10¥ cm~>. The SO/ST
= 1:1000 sample (1000 cycles of Sb,Te, is with one cycle of SbO,
and the supercycle number is 5) exhibited a higher n (1.37 x 10"
cm~3) than that of Sb,Te, films. However, when the ALD cycles
of the Sb, Te, layers in the SL were reduced from 1000 to 600, the
n significantly decreased to 9.20 X 10'® cm—. The minimum car-
rier concentration was 6.00 X 10'® cm~2 for the sample of SO:ST
= 1:150 at 293 K. A similar trend was also observed for electrical
conductivity (¢). For example, the highest conductivity of 339.8 S
cm~! was obtained for the sample of SO:ST = 1:1000, which is
higher than that of the Sb,Te; film (291.9 S cm™). In contrast,
the SO:ST = 1:150 sample shows the lowest conductivity of 243.2
S cm™! at 293 K. The mobility increases with SbO, doping and
reaches 255 cm? Vs~! at room temperature when SO:ST = 1:150
due to the higher crystalline ordering (Figure S2, Supporting In-
formation).

The temperature-dependent Seebeck coefficients (S) of SO/ST
SLs are shown in Figure 1c, suggesting a clear p-type behavior
with holes as main charge carriers. The relation between S and n
can be described by Equations (1) and (212"

L \3/2
ks 5 2 X (Zﬂm*kB)

k
S==(s—Inn+C (2)
e

where k; is the Boltzmann constant, h is the Planck constant,
m” is the effective mass, s is the scattering parameter, and C is

a constant. The Seebeck coefficient is inversely proportional to
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Figure 1. Transport properties of SbO, /Sb,Te; multilayers in the temperature range 293 to 473 K: a) carrier concentration, b) conductivity, c) Seebeck

coefficient, and d) power factor.

free charge carrier concentration, meaning that an increased car-
rier concentration leads to a reduction in S. As observed, a high
Seebeck of 164.7 uV K~! was achieved at the temperature of 473
K for the SO:ST = 1:150 sample due to the lower carrier con-
centration compared with other samples. The as-achieved prop-
erties exhibited high repeatability (Figure S3, Supporting Infor-
mation). The PF was calculated based on the electrical conduc-
tivity and Seebeck coefficient results (Figure 1d). The SO:ST =
1:1000 sample attained a high power factor value of 520.8 uyW m™!
K~2 at 293 K. At low temperatures, the power factor of SO/ST =
1:1000 surpasses that of the Sb,Te; sample. Conversely, at high
temperatures, the situation is reversed, with the power factor of
SO/ST = 1:1000 being lower than that of Sb,Te,. This discrep-
ancy arises due to the distinct temperature-dependent conduc-
tivity trends exhibited by both thin films. In the lower tempera-
ture range (300420 K), the conductivity of SO/ST = 1:1000 sig-
nificantly surpasses that of Sb,Te,, which primarily accounts for
the higher power factor observed in SO/ST = 1:1000 within this
temperature range. However, as the temperature increases (420—
473 K), the conductivity of SO/ST = 1:1000 experiences a rapid
decline, whereas the conductivity decrease in Sb,Te; is com-
paratively gradual. Notably, within the high-temperature range,
Sb, Te, thin films undergo an electronic topological transition, re-
sulting in a pronounced redistribution of the electronic density
of states near the Fermi level, thereby enhancing electrical trans-
port parameters.[?!] In contrast, SO/ST = 1:1000 samples exhibit
alesser degree of electronic topological transition due to the pres-
ence of the SbO, buffer layer.??] Since PF = 6 S, the conductivity
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of Sb, Te, exhibits a gradual reduction in the high-temperature re-
gion, leading to a higher power factor. Conversely, doped Sb,Te,
experiences a rapid decline in conductivity, resulting in a lower
power factor.

To further analyze the structural characteristics of the samples,
grazing incidence X-ray diffraction (GID) measurements were
performed using a custom-made laboratory setup with a Mo Ka
source. The corresponding data are presented in Figure 2. The
as-deposited Sb,Te, attains a flaked structure which is also evi-
dent from scanning electron microscopy (Figure 2f). In the GID
data for the SO:ST = 10:1000 sample, these randomly oriented
flakes lead to Laue cones with very weak texture, as can be seen
in Figure 2a,c. However, with increasing SO:ST cycle ratio, that
is, with decreasing Sb,Te; layer thickness, sharp peaks emerge
from the Laue rings, indicative of a high textured film structure
(Figure 2b,c). This indicates that with increasing SbO, film thick-
ness the flakes tend to align with respect to each other according
to a preferred orientation. On the other hand, the peak width in
the 6-26 direction changes only slightly from 0.65° to 0.5° when
the cycle ratio SO:ST increases from 10:1000 to 10:600 as can be
seen in Figure 2e. For even larger SO:ST the peak width remains
almost constant. Therefore, the crystallinity of the flakes itself is
not significantly affected by the SO:ST cycle ratio.

The morphology of the Sb,Te; flake can also affect the ther-
moelectric properties. The contact resistance arises at the junc-
tion between flakes due to the nanogap and weak contact.[?*! The
ultrathin SbO, can act as a bridge and provide a pathway for
carrier transportation to enhance the electrical conductivity, as

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. Gracing incident X-ray diffraction of SbO, /Sb,Te; heterostructures with different cycle ratios SO:ST. a,b) Regrouped scattered X-ray intensity
as a function of scattering angle 20 and polar angle X, that is, angle along the Laue cone. ) Line scan at a constant 20 angle of 17.2° for different
cycle ratios SO:ST. d) Sketch of the SbO,/Sb,Te; multilayer structure. e): #-26 scan through the (1 0 10) peak for different cycle ratios (corrected for
background, normalized, and offset for better visualization). f) SEM image of Sb,Te; thin film. g) The schematic illustration of Sb,Te; flakes after SbO,
coating. h) The typical cross-section and i) twin grain boundary TEM images of SbO, /Sb,Te; heterostructure (scale bar: 10 nm).

schematized in Figure 2g. Meanwhile, an Sb-rich environment
was formed during the ALD process. Since the SbO, precur-
sors, SbCl; and Sb(OEt);, both contain Sb. We speculate that the
preliminary cycle of SbO, can provide an Sb-rich environment.
Sb,Te; has a rhombohedral structure and there are five atomic
layers in it: Te!-Sb-Te2-Sb-Tel. In an Sb-rich thin film, the Sb’
Te antisite defects are easy to occur at the Te! site due to the
lower formation energy of Sb’ Tel (0.47 eV) compared to Sb’
Te2 (0.76 eV).[2*l The Sb’ Te introduces extra hole carriers, and
in comparison to other samples, the SO:ST = 1:1000 sample ex-
hibits a higher concentration of free holes.[?} All of these effects
interact and compete with each other, ultimately resulting in an
increase in carrier concentration and conductivity for the SO:ST
= 1:1000 sample.

The SbO,/Sb,Te; samples underwent detailed microstruc-
tural characterizations using transmission electron microscopy
(TEM). Figure 2h presents a typical high-resolution TEM
(HRTEM) image of the SL, clearly illustrating the remarkably
uniform interface between the Sb,Te, and SbO, layers. Nonethe-
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less, some atomic-scale distortions are still observable within this
system. Various dash lines in Figure 2i indicate twin boundaries
at different angles. Twin boundaries and semicoherent interfaces
induce enhanced phonon scattering while causing only minimal
sacrifice in electrical conductivity.[?! These defects significantly
contribute to the scattering of mid-frequency phonons and con-
tribute to the softening of the lattice, thereby effectively affecting
the electrical and thermal conductivity of the material.[’”]

To better understand the impact of SbO, sub-layers on the
Sb,Te, thin film, the carrier concentration, and conductivity of
Sb, Te, thin film with varying SbO,, sub-cycle numbers were eval-
uated, as displayed in Figure 3a,b, respectively. The cycles of
Sb,Te, layers are 1000, 600, 300, and 150, combined with the
1, 3, 5, and 10 sub-cycles of SbO,. It is observed that the car-
rier concentration and conductivity of all the samples decreased
with increasing SbO,, sub-layers. For example, the n and o for the
sample SO:ST = 1:600 are 9.20 x 10'® cm™3 and 255.6 S cm™,
respectively, at room temperature. When the sub-cycles of SbO,
increased to 10, the n and ¢ decreased to 6.51 x 10"® cm™ and

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. The carrier concentration (a) and conductivity (b) of SO/ST heterostructure with different SbO, sublayer cycles at room temperature. Energy
band structure for ¢) Sb,Te; and SbO, individual, and d) SbO,/Sb,Te; superlattice film.

225.8 S cm™?, respectively. This can be attributed to energy filter-
ing, where the SbO, interfacial layer effectively filters out holes
from participating in carrier transport in the Sb,Te, system.[?*!

The energy band structure, including band gap (E,), work
function (@), electron affinity (y), and Fermi level (Eg),
for Sb,Te;, SbO,, and SO/ST heterostructure are shown in
Figure 3¢,d.*”) Under equilibrium conditions, an energy barrier
forms at the Sb,Te; and SbO, interface due to the alignment of
the Fermi level. In SO/ST SLs, low kinetic energy minority carri-
ers can be blocked by two kinds of barriers: grain boundaries and
band offset potential barriers,!?] the potential barrier being the
primary contributor to modulating the charge carriers.??! This
energy barrier reduces low-energy carriers while having minimal
impact on high-energy holes, resulting in a decrease in carrier
concentration and conductivity. Therefore, as the sub-cycle num-
ber of SbO, increases, the n and ¢ of all the samples decrease.
However, for the SO:ST = 5:150 sample, the nis 4.22 x 10'® cm=3,
while for the SO:ST = 10:150 sample, it is approximately 3.97 x
10 cm™!. This decrease was only 5.9%. Comparatively, the n of
sample SO:ST = 3:150 exhibits a clear decrease of 18.8% com-
pared to sample SO:ST = 5:150 (from 5.20 x 10'® to 4.22 x 108
cm™). We assume that the SbO, could strengthen the energy bar-
rier and further reduce the low energy carriers. Once the stable
SbO, layer has been formed, the additional filtering effect on the
carriers becomes negligible.

Figure 4a shows the Seebeck coefficient of Sb,Te, thin films
with various SbO, sub-layers at room temperature. The sample
characterized by SO:ST = 10:150 exhibited the greatest S value at
157.8 uV K1, ~1.25 times higher than that of Sb,Te, films. This
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difference may be attributed to the lower carrier concentration
found in the heterostructure of SO/ST when compared to Sb, Te,.
For a multilayered thin film system, the Seebeck coefficient can
be explained by the Cutler-Mott formulal*®!

47°k2 Tm* 1
= X
3eh? nx L,

)

where k; is the Boltzmann constant, h is the Planck constant,
m” is the effective mass, n is the carrier concentration, and L,
is the thickness of the interlayer in the superlattice film (here
SbO,, layer), respectively. It can be observed that two primary
factors contribute to determining the Seebeck coefficient: car-
rier concentration and sub-layer thickness. Specifically, a thinner
SbO, interlayer and lower carrier concentration can lead to an im-
proved Seebeck coeflicient. Hence, the S values of the SO/ST SLs
are the outcome of the interplay between the influence of carrier
concentration and the thickness of SbO,.*!l The power factor is
depicted in Figure 4b. At room temperature, the maximum PF of
530.7 uW m~! K~2 was achieved when SO:ST = 10:1000. In con-
trast, the sample with SO:ST = 10:150 has a low PF of 407.2 uW
m~! K2 owing to its low electrical conductivity.

The Raman spectra and corresponding vibration are shown in
Figure 4c and Figure S4, Supporting Information, respectively.
The peak centered at ~70 and 168 cm™ can be assigned to the
Aj(1) and Ay, (2) phonon modes, respectively. A, (1) is primarily
associated with symmetrical out-of-plane vibrations of Sb—Te
atoms occurring in opposite directions, while A,/ (2) is associated
with relative vibration between Te and Sb atoms in the same

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 4. Thermoelectric performance of SO/ST heterostructure with SbO, sublayer cycles at room temperature. a) Seebeck coefficient, b) power factor,
c) Raman spectra, d) thermal conductivity, and e) relative contribution of the electronic (k¢) and lattice () thermal conductivities to the total thermal
conductivity (ko). f) Seebeck coefficient as a function of Hall carrier concentration at room temperature (m, is the mass of a free electron).

direction. The peak at 112.3 cm™" is linked to the in-plane E,(2)
mode.??! The peaks ranging from ~120 to 150 cm™' can be
assigned to vibrations of Sb—O—Sb atoms.[*}] The vibration
modes for Sb—O become stronger with increasing sub-cycle
number of SbO,, while Sb—Te peaks almost disappear when
SO:ST = 10:150. The E,(2) mode reflects the lattice strain within
the heterostructure system, which is closely correlated with the
lattice thermal conductivity.**] The broadening of the E,(2) mode
indicates an increase in the lattice strain of Sb, Te, layers, thereby
leading to a reduction of the lattice thermal conductivity.3%] The
thermal conductivity of SO/ST heterostructure was evaluated at
room temperature using the 3-w technique. Figure 4d shows that
the total thermal conductivity (k) of the samples substantially
decreases with an increase in SbO, sub-cycles. This reduction
of kp,, remains constant as the number of ALD cycles for
SbO, increases. The k-, values for Sb,Te; with ten cycled
SbO,, sub-layers were measured to be ~0.80, ~0.69, ~0.45, and
~0.40 W m~! K~! for respective Sb,Te, thicknesses of 1000, 600,
300, and 150 cycles. The minimum thermal conductivity (SO:ST
= 10:150) is ~3.05 times lower than the maximum thermal con-
ductivity of the SO:ST = 1:1000 sample. To further understand
the thermal behavior of SO/ST structures, the electronic (k)
and lattice (k) thermal conductivities were carried out by the
Wiedemann-Franz law!*®)

kg = LoT (4)

L =15+exp [%] (5)
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Kol = K+ Kg (6)

where L is Lorenz number, T is the temperature, and S is the
Seebeck coefficient, respectively. The x and x; are shown in
Figures S5 and S6, Supporting Information, respectively. The rel-
ative contribution of the electronic and lattice thermal conductiv-
ities to the total thermal conductivity is shown in Figure 4e. In
the SO/ST heterostructure, lattice thermal conductivity primar-
ily contributes to the total thermal conductivity. The interface be-
tween SbO, and Sb,Te; enhances the scattering phonons with
mid- to long-wavelengths, which is considerably more efficient
than that of normal grain boundaries, thus reducing «; in the
SO/ST heterostructure system.[1®] Additionally, when the dimen-
sions of materials are reduced to the nanometer length scales,
the band structure exhibits a more flattened profile due to the
quantum confinement effect. This leads to the formation of sharp
peaks in the density of states, resulting in an enhanced Seebeck
coefficient and reduced thermal conductivity.’’”! A maximum ZT
value of 0.33 was achieved for the sample SO:ST = 10:300 (Figure
S7, Supporting Information), primarily attributable to the low
thermal conductivity.

Single parabolic band (SPB) is the most widely used approach
to evaluate the electrical transport property of thermoelectric
materials.[*®! The relationship between the Seebeck coefficient
and carrier concentration at room temperature was established
by the Pisarenko plot, as depicted in Figure 4f. The effective mass
of Sb,Te,;/SbO, heterostructure, m”*, decreases from 0.36 m, for
the low doping level of SbO,, to 0.26 m, for the high doping level.
The SbO,, sub-layers can suppress the multivalence band conver-
gence and valence band flattening, which further reduces m*.1*!

© 2023 The Authors. Small published by Wiley-VCH GmbH
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3. Conclusion

In conclusion, the SbO, /Sb,Te; heterostructures were success-
fully synthesized by thermal ALD at a low temperature of 80 °C.
The electrical and thermal properties, including carrier concen-
tration, electrical conductivity, Seebeck coefficient, and thermal
conductivity, were evaluated. The SbO, sub-cycle can enhance the
texture and promote the preferred orientation of Sb,Te; layers.
By optimizing the sub-cycle number of the SbO, layer, a high
power factor of 520.8 pW m~! K=? was obtained when SO:ST
= 1:1000, which had a higher electrical conductivity of 339.8 S
cm~! compared to Sb,Te, (291.9 S cm™!) films. SbO, /Sb,Te; in-
terface can scatter more mid- to long-wavelength phonons, which
is much more efficient in reducing thermal conductivity than
normal grain boundaries. In addition, the quantum confinement
effect and lattice strain introduced by the SbO,, sub-layer can fur-
ther reduce the thermal conductivity and improve the Seebeck
coefficient. The minimum total thermal conductivity of ~0.4 W
m~! K~! was obtained for the sample SO:ST = 10:150. This study
not only provides strong evidence of the potential for enhancing
TE performance through the introduction of a superlattice struc-
ture via ALD but also suggests a new approach to achieving high
performance in 2D topological insulator families.

4. Experimental Section

Fabrication of Sb,Te; and SbO, Thin Films: The Sb,Te; and SbO, thin
film were grown using a thermal ALD reactor (Veeco Savannah S200) at 80
°C. For the synthesis of Sb,Te; films, SbCl; and (Et;Si), Te precursors were
employed, while Sb(OEt); and SbCl; were used for the synthesis of SbO,
films. The SbCl; precursor was maintained at a temperature of 60 °C, while
the (Et;Si),Te precursor was kept at 77 °C. High-purity N, was used as
the carrier gas, and the chamber was kept at a flow rate of 10 sccm during
the reaction process. The optimized pulse and purge times for one ALD
deposition cycle for Sb,Te; and SbO, (Precursor 1/N,/Precursor 2/N,)
were 0.5/10/0.5/10 s. The growth rate for Sb,Te; and SbO, are 0.2 and 0.6
A/cycle, respectively. The details for heterostructure growth are illustrated
in Figure S1 and Table S1, Supporting Information.

Characterization of Morphology, Electrical, and Thermal Properties: The
thin film thickness was measured using X-ray reflectometry (X'Pert MRD
PRO). The morphology and microstructures of the thin films were
characterized by field emission scanning electron microscopy (FE-SEM,
Sigma300-ZEISS FE-SEM) and TEM (Titan 80—300 and Talos F200X, FEI).
The electrical conductivities and Hall effect were performed by Linseis
TFA.I*01 All photolithography steps were carried out using a laser writer
(uPG 101, Heidelberg Instruments GmbH, Germany) with a 375 nm irra-
diation wavelength. In the initial step, a photoresist (AZ10XT, MicroChem-
icals GmbH, Germany) and developer (AZ400K, MicroChemicals GmbH,
Germany) were employed to create pattern alignment markers and de-
posit the thin film on the Linseis TFA-chip. The curing temperature was
set at 110 °C for 2 min. Subsequently, the photoresist was removed using
n-methyl pyrrolidone (NMP). The transport properties were assessed over
a temperature range of 293 to 473 K.
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