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1. Introduction

Physcial and mechanical properties of materials often critically depend
on the microstructure and properties of the interfaces. Researchers
now have the ability to design and construct an individual interface
using epitaxial growth techniques or layer-by-layer stacking for
2D materials,[1–4] and then correlate the emergent magnetic,[5–7]

electronic,[8,9] ferroelectric,[1,10] superconducting,[11] and other quan-
tum properties, with the interfacial structure at the atomic and elec-
tronic level. However, clear interfacial structure–property relationships

are extremely difficult to achieve as most bulk
materials and films contain various types of
interfaces with different orientation, chemical
composition or defect structure. Synthesizing
materials with more structurally-uniform inter-
faces can therefore help to increase the impact
of a particular interface on the overall proper-
ties, and realize the potential of interface engi-
neering in material science.[12–14]

Thermoelectric (TE) materials enable direct
conversion between thermal and electrical
energy, providing a straight-forward solution to
recycle waste heat in industry. TE energy con-
version efficiency can be described using the
dimensionless factor ZT= (α2 σ/κ)T, where α
is the Seebeck coefficient, σ the electrical con-
ductivity, κ the thermal conductivity and T the
absolute temperature.[15,16] High TE efficiency
requires the combination of transport properties
such as low κ, high α and σ. However, these
parameters are intrinsically correlated, and so
far, it has been extremely difficult to further
increase ZT values through conventional
approaches such as defect engineering[17] and

band engineering.[18–20] As the interfaces within bulk or thin film TE
materials provide additional scattering mechanisms for electron and
phonon transport,[21–23] it is expected that building TE materials with
specific interfaces can enhance the TE properties,[24–27] and is also ben-
eficial for TE devices.[28,29]

Bi2Te3-based alloys are the most widely investigated TE materials
due to a high power factor and low thermal conductivity.[7,13,30,31]

Bi2Te3 (BT) has a strongly anisotropic layered structure with better
transport properties along the in-plane than the out-of-plane direction,
providing an ideal example to study the influence of interface engineer-
ing on the overall TE properties. It has been reported that enhanced
electrical properties of BT-based thin films can be achieved by
Sb-doping or improving the growth method.[32–37] Here, a series of
Sb-doped Bi2�xSbxTe3 (BST) (x= 0, 0.1, 0.2, 0.4) nanoflakes were syn-
thesized and spin-coated to form BST thin films with predominantly
(0001)-terminated interfaces. Using scanning transmission electron
microscopy (STEM), the atomic structure of the (0001) interfaces in
BST thin films with different composition and annealed at different
temperatures have been investigated. Annealing and Sb-doping notice-
ably increases the connection between the nanoflakes, which simulta-
neously enhances α and σ. The maximum power factor reaches
1.7mWm�1 K�2 at 350 K, which is the highest among n-type TE thin
films prepared from BT nanoflakes.[31]
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The structure–property relationship at interfaces is difficult to probe for
thermoelectric materials with a complex interfacial microstructure. Designing
thermoelectric materials with a simple, structurally-uniform interface
provides a facile way to understand how these interfaces influence the
transport properties. Here, we synthesized Bi2�xSbxTe3 (x= 0, 0.1, 0.2, 0.4)
nanoflakes using a hydrothermal method, and prepared Bi2�xSbxTe3 thin
films with predominantly (0001) interfaces by stacking the nanoflakes
through spin coating. The influence of the annealing temperature and Sb
content on the (0001) interface structure was systematically investigated at
atomic scale using aberration-corrected scanning transmission electron
microscopy. Annealing and Sb doping facilitate atom diffusion and migration
between adjacent nanoflakes along the (0001) interface. As such it enhances
interfacial connectivity and improves the electrical transport properties.
Interfac reactions create new interfaces that increase the scattering and the
Seebeck coefficient. Due to the simultaneous optimization of electrical
conductivity and Seebeck coefficient, the maximum power factor of the
Bi1.8Sb0.2Te3 nanoflake films reaches 1.72 mWm�1 K�2, which is 43% higher
than that of a pure Bi2Te3 thin film.
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2. Results and Discussion

BST has a rhombohedral layered crystal structure (space group R3m)
consisting of Te(1)-Bi-Te(2)-Bi-Te(1) quintuple layers that are separated
by weak van der Waals (vdW) forces between the terminating Te
sublayers. Within the quintuple layer, the Bi and Te atoms are cova-
lently bonded. Electron transport along the vdW gap is much easier
than perpendicular to the vdW gap. The in-plane σ to out-of-plane σ
ratio ranges from 4 to 7 for n-type BST single crystals.[38] Therefore,
to optimize the in-plane electron transport properties of BST thin
films, it is desirable to have the c axes of the BST grains perpendicular
to the film surface, forming a (0001)-textured microstructure. We
synthesized BST hexagonal nanoflakes with large width/height ratio
using a hydrothermal method, and then stacked them using spin
coating to form thin films with nanoflakes that are preferentially

parallel to the thin film surface (Figure 1a, see Section 4 for more
details).

The as-synthesized BST nanoflakes have a hexagonal shape as char-
acterized using field emission scanning electron microscopy (FESEM)
(Figure 1b). The BST nanoflake diameter ranges roughly from 400 to
800 nm (Figure S1, Supporting Information). Sb doping does not
noticeably influence the morphology or size of the nanoflakes
(Figure S1, Supporting Information). The X-ray diffraction (XRD)
peaks match well with the BT rhombohedral crystal structure (JCPDS
01-083-5986) (Figure S2, Supporting Information). With increasing
Sb content, the (0115) diffraction peak shifts from 27.4° to 27.9°,
indicating that the substitution of the smaller Sb cations on the Bi
sites causes the lattice constants to decrease. Sb substitution on the Bi
sites was also verified by X-ray photoelectron spectroscopy (XPS)
(Figure S3, Supporting Information) where the Sb 3d peak can be

Figure 1. a) The schematic of the BST thin film preparation process. b) Typical SEM image of dispersed Bi2�xSbxTe3 nanoflakes with x= 0.2. c) Atomic-
resolution HAADF STEM image acquired along the c axis of BST. The projected crystal structure is slightly tilted to show that the atomic columns have
mixed Bi (purple) and Te (cyan) atoms. Top-view d) and side-view e) SEM image of a BST thin film with x= 0.2. Top-view and side-view (insets) SEM images
of Bi2Te3 (BT) thin film annealed at f) 573 K and g) 623 K.
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observed. An atomic-resolution high angle annular dark field
(HAADF) STEM image, acquired along the c axis of the nanoplate,
shows the hexagonal pattern of the Bi/Te mixed atomic columns,
consistent with the projected crystal structure (Figure 1c). HAADF
STEM intensities are proportional to the average projected atomic
number,[39] and are extensively used in this work to probe the
atomic structure at the interfaces.

The BST nanoflakes were dispersed in anhydrous ethanol and then
spin-coated onto the polyimide substrate to form a continuous and
flexible BST thin film. The top-view SEM image of a BST thin film
with x= 0.2 (Figure 1d) reveals that all the hexagonal nanoflakes are
lying flat on the surface. The BST film thickness is roughly 900 nm
as confirmed by cross-sectional SEM (Figure 1e). Across the thickness,
all nanoflakes are parallel to the surface, such that two stacked nano-
flakes always connect through their (0001) surfaces. Therefore, the
key to understand the transport properties of the BST thin film is to
understand the structure and properties of the interconnecting flakes
and particularly the interconnecting (0001) surfaces and interfaces.
As-prepared BST thin films were then annealed at different tempera-
tures (573–623 K) in order to modify the interfacial structure.
Annealing at 573 K does not noticeably change the morphology of
the BT thin film (see the low-magnification SEM image in Figure 1f).
However, when annealing at 623 K we observed a significant inter-
granular diffusion and coarsening (Figure 1g). Annealing at even
higher temperature (673 K) can significantly alter the shape of nano-
flakes, which complicates interface structure and thus structure–prop-
erty relationship. Therefore, the highest annealing temperature was
set to 623 K.

We first investigated the (0001) interfacial structure in an
as-prepared BT thin film at atomic resolution using STEM.
Cross-sectional samples were fabricated using focused ion beam (FIB).
The stacking of the nanoflakes is clearly visible in the low-
magnification HAADF STEM image (Figure 2b), where each
rod-shaped region represents the cross-section of a BT nanoflake.
Direct measurement from STEM images (Figure S4a, Supporting Infor-
mation) suggests that the BT nanoflake thickness is about 11� 4 nm
(Figure 2c). Electron dispersive spectroscopy (EDS) elemental map-
ping shows that Bi and Te elements are evenly distributed in the
nanoflakes, but are absent in the dark regions between the flakes
(Figure 2d). The space between adjacent nanoflakes is due to surface
steps resulting from the nanoflake growth around a Te nanorod or a
screw dislocation in the center.[40] The pressure from spin coating is
insufficient to deform surface steps. Atomic-resolution HAADF STEM
images acquired along the BT [2110] zone axis of one nanoplate
clearly show the quintuple-layered structure (Figure 2e). The brighter
dots are Bi atomic columns and the weaker dots are Te atomic col-
umns, as Bi atom is heavier than Te.[41–45] Note that the adjacent
nanoflake is also oriented close to the [2110] zone axis, hinting that
adjacent nanoflakes tend to have a small twist angle, which could be
arising from electrostatic forces. This small twist angle is occasionally
observed on top-view SEM images (Figure S5, Supporting Informa-
tion). The terminating quintuple layers of both plates, show no trace
of interfacial reaction or surface reconstruction, which however has
been commonly observed in BT surfaces exposed to air[46,47] or at
the interfaces between BT and transition metal elements such as
Ni.[48,49] We can conclude that in an unannealed BT thin film the

Figure 2. a) Atomic model of the Bi2�xSbxTe3 (BST) crystal structure. b) HAADF STEM image of a cross-section BT thin film, where the white arrow
indicates the deposition direction. c) Distribution of the (as-prepared) BT nanoflake thickness d. d) Electron dispersive spectroscopy (EDS) mapping acquired
from the BT thin film. e) Atomic-resolution HAADF STEM image acquired from the rectangle framed in d), imaged along the [2110] zone axis. The two
(0001) surfaces are indicated by white arrows. Crystallographic planes are indicated by white lines. Two vdW gaps are denoted by yellow arrows. A quintuple-
layer structure is encircled by a white dashed rod.

Energy Environ. Mater. 2024, 0, e12755 3 of 8 © 2024 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

 25750356, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eem

2.12755 by U
niversiteit A

ntw
erpen, W

iley O
nline L

ibrary on [07/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



flakes are terminated by stable (0001) surfaces separated by voids.
Adjacent flakes do not react with each other.

The non-interacting nanoflakes in as-prepared BT thin films lead to a
lower electrical conductivity σ (0.36× 104 Sm�1) and Seebeck coeffi-
cient α (100 μV K�1) (Figure S6, Supporting Information), compared
with BT thin films annealed at 573–623 K (Figure 3a,b). As the anneal-
ing temperature increases, the room temperature σ of the BT thin film
increases from 5.75× 104 to 6.6× 104 Sm�1, and the maximum α
increases from �124 to �140 μV K�1, achieving a simultaneous
improvement of α and σ. As a result, the maximum power factor
reaches 1.2mWm�1 K�2 at 343 K for a BT thin film annealed at
623 K. For all three samples, the negative-temperature dependence of
the electrical conductivity and negative Seebeck coefficients indicate that
BT films are n-type degenerate semiconductors. This could be explained

by donor-like effect caused by oxidation during sample preparation.[50]

The large surface to volume ratio makes thin films more prone to be
oxidized.

After annealing at 623 K, the nanoflake thickness becomes less
homogeneous (Figure 3d). Statistical analysis suggests that the thickness
histogram (Figure 3e) has shifted to the right with an average
thickness of 14 nm compared with the 11 nm before annealing
(Figure 2c). The (0001) interface shows a blurred contrast, which is
very different from the as-prepared sample where the gap is clean. EDS
mapping reveals a Bi and Te signal at the gap between the flakes
(Figure 3f), indicating that Bi and Te atoms migrate between the nano-
flakes during annealing. The quintuple layer at the interface has evolved
to a different crystal structure (Figure 3g,h), which matches well with
the face centered cubic (fcc) BiTe crystal structure viewed along the

Figure 3. Experimental electrical transport properties of BT thin films annealed at different temperatures. a) Conductivity. b) Seebeck coefficient. c) Power
factor. d) HAADF STEM image of a cross-sectional BT thin film annealed at 623 K. e) Thickness histogram of the nanoflakes in the BT film annealed at 623 K.
f) EDS maps of the nanoflakes and the interfaces of the annealed BT thin film. g) Atomic-resolution HAADF STEM image acquired along the BT [2110] zone
axis. h) Enlarged HAADF STEM image from the black box in g).
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[110] zone axis.[51] After annealing, the BT quintuple layers at the
interface apparently disintegrate into a Te-deficient BiTe phase. Com-
pared with the as-prepared BT thin films that are only partially

connected by surface steps, adjacent nanoflakes in the annealed sample
are connected via BiTe phase, which can increase the electrical conduc-
tivity. This interfacial reaction creates new interfaces between the BT

Figure 4. Electrical transport properties of the annealed BST thin films with different Sb content: a) Conductivity. b) Seebeck coefficient. c) Power factor. d)
HAADF STEM image of the as-prepared BST thin film with x= 0.2. e) The corresponding nanoflake thickness histogram of the as-prepared BST thin film. f)
EDS mappings of as-prepared BST thin film. g) HAADF STEM image showing epitaxial BiTe at the (0001) interface in as-prepared BST. h) HAADF STEM
showing the formation of pure Te at one end of a BST nanoplate. The inset compares the projected Te atomic columns and the crystal structure along the
[2110] zone axis. i) HAADF STEM image of the BST thin film annealed at 623 K. j) The corresponding nanoflake thickness histogram of the annealed BST
thin film. k) EDS maps of the annealed BST thin film. l) HAADF STEM image from the dark contrast region showing the interfaces between BST and pure
Te. m) HAADF STEM image acquired from the interface of two nanoflakes that have merged.

Energy Environ. Mater. 2024, 0, e12755 5 of 8 © 2024 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

 25750356, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eem

2.12755 by U
niversiteit A

ntw
erpen, W

iley O
nline L

ibrary on [07/05/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



quintuple layers and BiTe, providing extra interfacial scattering that can
potentially influence the electrical conductivity.[52]

We then investigated the influence of Sb doping on the microstruc-
ture of the (0001) surface. The as-prepared BST thin film with x= 0.2
has a microstructure very similar to the as-prepared BT thin film. The
nanoflake thickness is 12� 6 nm, which is similar to that of the BT
sample. The (0001) interfaces between the BST nanoflakes show a
blurry contrast, which is related to a Sb signal in the EDS elemental
mapping (Figure 4f). The presence of Sb is also detected at the end-
points between two nanoplates and other filling regions (Figure 4f,
Figure S7, Supporting Information). Apparently, Sb dopants tend to
accumulate at the nanoplate surfaces (Figure 4k), which is consistent
with previous report that it is easier to form Bi2Te3 than Sb2Te3 under
hydrothermal conditions.[40] The nanoflakes initially form Bi2Te3, but
as Bi in the solution becomes depleted, Sb and Te will form a com-
pound at the surface. Atomic-resolution HAADF STEM shows that the
(0001) interface has an fcc (Bi, Sb)Te structure (Figure 4g), similar to
the annealed undoped sample (Figure 3h). Additionally, the presence
of pure Te is observed at the endpoints of the nanoplates (Figure 4h).
The pure Te epitaxially grows on the plate, exhibiting the following
orientation relationship: (0001)BST//(0001)Te and [2110-
]BST//[2110]Te. Surprisingly, even before annealing, Sb-doped BST
flakes have complex phases at the interfaces, indicating that Sb can
modify the surface structure, influence the hydrothermal reaction and
promote interfacial reactions between adjacent flakes.

All the Sb-doped samples were then annealed at the
previously-optimized temperature of 623 K for 24 h. For x= 0.2, after
annealing, the nanoflakes become much thicker and the interface con-
trast significantly decreases (Figure 4i). The average thickness has
increased from 12 to 16 nm (Figure 4j). Some nanoflakes seem to be
the result of a merging of adjacent nanoflakes as their thickness is at
least three times larger than the average thickness (Figure 4i). A typical
feature in those thick nanoflakes is the presence of dark-contrast regions
at the two ends. They contain parallel planar defects with an even dar-
ker contrast. EDS confirms that these dark regions are Sb-rich
(Figure 4k). Atomic-resolution STEM confirms that the dark regions are
mainly Sb-rich BST and the dark planar defects are pure Te aligned
along the [2110] zone axis (Figure 4l). Again the orientation relation-
ship (0001)BST//(0001)Te and [2110]BST//[2110]Te was observed at
the BST/Te interface. The merging between two flakes was captured
using HAADF STEM (Figure 4m). The interface region now consists of
three BST quintuple layers that have a misalignment from left to right.
It is likely that annealing can reduce the twist angle between the adja-
cent nanoflakes as they merge to a thicker one.

All the Sb-doped samples are n-type which agrees with previous
report that Sb needs to reach x= 1.1 for the film to convert from
n-type to p-type.[32] As the Sb content increases, the electrical conduc-
tivity increases and reaches a maximum of 9.75 Sm�1 for x= 0.2 at
room temperature, which is 49.7% higher than the undoped sample
(6.51 Sm�1). This can be attributed to the Sb-enhanced out-of-plane
connectivity between (0001) interfaces, and the in-plane connectivity
between horizontal nanoflakes. When the Sb content further increases
to 0.4, the electrical conductivity starts to decrease. Excessive Sb may
facilitate the formation of Sb0Te antisite defects,[53–55] which creates
holes, and decreases the electron carrier concentration. Another reason
could be the formation of pure Te, which suppresses formation of Te
vacancies in the BST nanoflakes, decrease electron carrier concentration,
and then decrease electrical conductivity. The extra scattering from Sb0Te
may also cause the electrical conductivity to decrease. The Seebeck

coefficient reaches its maximum value of 145 μV K�1 at x= 0.1 and
T= 400 K. However, the maximum Seebeck coefficient of BST is rather
independent on the Sb concentration and remains quite stable for dif-
ferent x values (140–145 μV K�1). Apparently, the main gain in See-
beck coefficient is from the annealing process, while the influence of Sb
doping is secondary. It has been reported that the Te/BST heterostruc-
ture can push the Fermi level closer to the conduction band, which
might be the reason for the enhanced Seebeck coefficient.[34] The
power factor (Figure 4c) increases first and then decreases with
the increase of Sb content and reaches a peak of 1.72mWm�1 K�2 at
x= 0.2 and T= 343 K. Compared with the value of 1.2mWm�1 K�2

at x= 0, the power factor has increased by about 43.3%. It is speculated
that the new interfaces between BST/BiTe and BST/Te created by
annealing and doping can reduce lattice thermal conductivity. The Sb
dopants in the lattice can also reduce lattice thermal conductivity. Over-
all, doping should reduce the lattice thermal conductivity of the thin
film.

3. Conclusion

BST thin films with a controllable (0001) interface were synthesized
using a spin coating method. The microstructure of the (0001) inter-
face in BST samples with different Sb content and different annealing
temperature was investigated using atomic-resolution STEM, which
allowed us to understand the enhancement of the electrical transport
properties of the BST thin films. A maximum power factor of
1.72mWm�1 K�2 was obtained; 43.3% higher than that of a pure
Bi2Te3 thin film. This approach provides new opportunities to unravel
the complicated structure–property relationship at interfaces and helps
to design TE materials with an optimized interface structure.

4. Materials and Methods

Hydrothermal synthesis of Bi2�xSbxTe3 nanoflakes: The 3mmol Na2TeO3, 2�x
mmol BiCl3, x mmol SbCl3 (x= 0, 0.1, 0.2, 0.4), 0.7 g NaOH, 1 g PVP, and 70mL
ethylene glycol (EG) were mixed using magnetic stirrer.[56] BiCl3, SbCl3, and PVP
were purchased from Alfa Aesar. Na2TeO3, NaOH, and EG were purchased from
Shanghai Chemical Reagents Co., Ltd. All chemicals are analytical grade. The solu-
tion was then transferred to a stainless-steel reactor lined with polytetrafluor-
oethylene with a capacity of 100mL, sealed and heated to 180 °C for 24 h, and
finally cooled to room temperature. After adding 30mL anhydrous ethanol, the
mixture was centrifuged at 7155 g for 5min. The supernatant is removed and the
solid is dispersed in a centrifuge tube by ultrasonic treatment. The nanoflakes
were washed using deionized water for two times and anhydrous ethanol for one
time. The final product was dispersed in anhydrous ethanol.

Preparation of flexible Bi2�xSbxTe3 nanoflake film: The Bi2�xSbxTe3 nano-
flakes in anhydrous ethanol were first dispersed using ultrasound. Then the solu-
tion was spin-coated onto a polyimide substrate that rotates at 2500–3500 rpm.
The desired film thickness can be obtained by controlling the dispersion concen-
tration and spin coating time. Finally, heat treatment was performed in a tube
furnace under argon atmosphere at 300–350 °C (573–623 K) for 1 h.

Characterization: The crystal structure of Bi2�xSbxTe3 nanoflakes was charac-
terized by X-ray diffractometer (XRD, Smart Lab) using Cu Kα
(λ= 0.1514186 nm). Microstructure characterization was performed using a field
emission scanning electron microscopy (FESEM) (JEM-SU8020). The chemical
composition was analyzed using X-ray photoelectron spectroscopy (XPS). Trans-
mission electron microscope (TEM) samples were prepared using Helios NanoLab
G3 UC focused ion beam (FIB). STEM characterization was performed using a
Thermo Fisher double aberration-corrected Titan Themis operated at 300 kV and
equipped with four SDD EDS detectors. High angle annular dark field (HAADF)
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STEM images were acquired using a Fishione HAADF detector with an inner
angle of 48mrad and outer angle of 200mrad.

The electrical conductivity (σ) and Seebeck coefficient (α) were measured
using a four-probe method to reduce influence from contact resistance, on a
CTA instrument (Cryoall Company, Beijing). The Seebeck coefficient was obtained
by heating up the sample to produce a stable temperature gradient and then
using the probes to detect the voltage difference ΔV and temperature difference
ΔT simultaneously, according to the definition α=ΔV/ΔT.
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