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e3 flexible thin film with
decoupled Seebeck coefficient and electrical
conductivity via band engineering†

Zi-long Zhang, Wen-yu Yang, Bo Wu, Mohammad Nisar, Fu Li,
Guang-xing Liang, Jing-ting Luo, Yue-xing Chen and Zhuang-hao Zheng *

Sb2Te3-based flexible thin films can be utilized in the fabrication of self-powered wearable devices due to

their huge potential in thermoelectric performance. Although doping can significantly enhance the power

factor value, the process of identifying suitable dopants is typically accompanied by numerous repeating

experiments. Herein, we introduce Zn doping into thermally diffused p-type Sb2Te3 flexible thin films

with a candidate dopant validated using the first-principles calculations. Subsequent experiments further

corroborated the successful introduction of a Zn dopant and the improvement of thermoelectric

performance. Specifically, p-type doping and the increase in the calculated effective mass can

significantly increase the Seebeck coefficient, achieving the decoupling of the Seebeck coefficient and

electrical conductivity in Sb2Te3 flexible thin films. An outstanding power factor of ∼22.93 mW cm−1 K−2

at room temperature can be obtained in the 0.58% Zn doped Sb2Te3 sample with significant flexibility.

The subsequent fabrication of a flexible thermoelectric generator provides the maximum output voltage

and output power of ∼53.0 mV and ∼1100 nW with a temperature difference of 40 K, respectively,

pointing out the huge potential of Zn-doped Sb2Te3 materials for thermoelectric applications in self-

powered wearable devices.
1. Introduction

To meet the increasing requirement of self-powered wearable
devices, exible thermoelectric generators (F-TEGs) have been
investigated deeply because of their unique capability that can
convert heat energy to electricity based on the temperature
difference.1–3 Suitable F-TEGs for wearable devices should
possess high thermoelectric (TE) performance and exibility.
Generally, the TE performance of a material can be evaluated by
using a dimensionless gure of merit, ZT= S2sT∕k, where S, s, T
and k are the Seebeck coefficient, electrical conductivity, abso-
lute temperature and total thermal conductivity, respectively.4–7

To achieve a higher TE performance, a higher power factor (PF
= S2s) and lower k should be considered with a relevant carrier
concentration (n).8,9 However, the increase in n leads to an
increase in s and a decrease in S. Thus, the decoupling of S and
s is one of the most attractive topics in the research eld of TE
materials. Generally, since k is hard to measure in thin lms,
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the improvement of PF is more vital in improving TE perfor-
mance. Recently, exible thin lms were gradually attracting
researchers' attention, since they exhibit high TE properties and
exibility simultaneously.10

Antimony telluride (Sb2Te3) is one of the most investigated
TE materials near room temperature in the recent decades,
possessing a narrow band gap (Eg ∼ 0.161 eV) without
toxicity.11–14 Typically, TE materials with a narrow band gap
provide huge potential for TE improvement, especially the
Seebeck coefficient and electrical conductivity.15,16 In recent
years, multiple methods were used to improve the TE perfor-
mance of bulk Sb2Te3, especially doping methods.17,18 Kim
et al.19 introduced dense dislocation arrays at the grain
boundaries of Bi0.5Sb1.5Te3 through liquid-phase Te extrusion,
achieving an increase in the ZT value of 1.86 ± 0.15 at 320 K.
This signicant ZT value provides sufficient material perfor-
mance (ZT > 1) for the application of TEGs. However, the TE
performance of thin lms is typically lower than that of bulk
materials. Currently, there are multiple types of methods to
enhance the TE performance of thin lms, such as the synthesis
method,20,21 doping,22,23 ferroelectric polarization,24 and
annealing.25,26 Tan et al.27 combined thermal evaporation
deposition, post-annealing treatment and the Bi doping
method together, obtaining a Bi0.5Sb1.5Te3 thin lm with an
ultrahigh ZT value of ∼1.5 and PF of ∼36 mW cm−1 K−2 near
room temperature. According to our previous studies, Bi-doped
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc07793h&domain=pdf&date_stamp=2025-02-17
http://orcid.org/0000-0001-5360-1174
http://orcid.org/0000-0002-9033-4885
http://orcid.org/0000-0002-6879-2433
http://orcid.org/0000-0002-2475-9826
https://doi.org/10.1039/d4sc07793h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07793h
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC016008


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 4
/8

/2
02

6 
3:

54
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Sb2Te3 thin lms can achieve a ZTmax of ∼1.11 at 393 K and PF
of ∼21 mW cm−1 K−2 near room temperature, using a novel
fabrication process of the directed thermal diffusion method.28

This signicant improvement of TE performance and the
directed thermal diffusion method demonstrate the success of
the control of n via the doping method, and the maturity of the
fabrication procedure.

Since pristine Sb2Te3 shows p-type semiconductor behavior,
the carrier (hole) concentration should be improved by p-type
doping. Thus, a candidate element with a 1+ or 2+ cation
valence state should be introduced into Sb2Te3 for Sb vacancies
(VSb). Thus, the rst-principles calculation of the band structure
using density functional theory (DFT) was conducted to simu-
late the band structure development aer p-type doping. To
consider the candidate dopants scientically, we would like to
rst narrow down the potential dopants to cations only, and
further verify their feasibility before fabrication via DFT calcu-
lations, which saves time and cost for experiments on dopant
selection. In this work, we rst evaluated the change in the
Fermi level in Zn-doped p-type Sb2Te3, with a signicant
decreasing at the top of the valence band, which illustrates the
successful introduction of p-type doping. We then prepared Zn-
doped p-type Sb2Te3 thin lms using the same fabrication
procedure according to our previous work, which is the direc-
tional thermal diffusion method. The schematic diagrams of
the fabrication procedure are shown in Fig. 1(d)–(f). The crystal
structure, valence state, and lattice morphology characteriza-
tion results showed the successful introduction of Zn, and Zn
replaces the Sb sites. The s, S and PF values are enhanced aer
Zn-doping due to the improvement of n, which also supports
that p-type doping occurred in p-type Sb2Te3 thin lms via DFT
calculations. The increased calculated effective mass also
provides evidence that S can be improved by Zn-doping,
achieving the decoupling of S and s. An outstanding PF value
of 22.93 mW cm−1 K−2 near room temperature can be achieved
in the Zn 0.58% sample with signicant mechanical exibility.
The subsequent f-TEG with Zn 0.58% sample as the p-leg
provides the maximum output voltage and output power of
∼53.0 mV and ∼1100 nW at a temperature difference of 40 K.
Compared to our previous work which outstandingly achieved
a PF of ∼21 mW cm−1 K−2 at room temperature, this work
provides signicant reduction in time and cost but higher TE
performance via the evaluation of computational calculations.

2. Experimental details
2.1 Thin lm fabrication

Zn-Doped Sb2Te3 thin lms were prepared on polyimide (PI)
substrates by the thermal diffusion method using a Sb/Zn
precursor thin lm and Te precursor thin lm. At rst, the PI
substrate was cut into 20 mm × 20 mm × 0.12 mm, and then
ultrasonically cleaned by using deionized water, ethanol and
nally acetone one by one for 20 minutes. Second, the Sb/Zn
precursor thin lm was deposited on a PI substrate using the
magnetron sputtering technique. As Fig. 1(d) shows, both the Sb
target material (99.99% purity) and Zn target material (99.99%
purity) were placed in a vacuum chamber. The vacuum degree
© 2025 The Author(s). Published by the Royal Society of Chemistry
of the chamber was set as 3.0 × 10−3 Pa. The working pressure
of Sb/Zn precursor thin lm fabrication is 0.5 Pa with an argon
(Ar) ow of 40 sccm. The Zn target was deposited on a PI
substrate by direct current magnetron sputtering with a current
power of 15 W. The change in deposition time on the Zn target
resulted in different Zn doping contents. In contrast, the Sb
target was deposited on a PI substrate by radio frequency
magnetron sputtering with a current power of 60 W. The
deposition time of the Sb target was around 7 minutes. For the
synthesis of Te precursor thin lms, Te powders (99.99% purity)
were placed in a vacuum deposition chamber of a tantalum
reaction boat on a PI substrate, as shown in Fig. 1(e). The
vacuum degree of the deposition chamber was set as 4.5 × E−5

mTorr. The current power of the evaporation was 20 W,
increasing at a rate of 2 W min−1. The deposition time was
around 12 minutes, and the thickness of the Te precursor thin
lm was around 480 nm. Finally, the Sb/Zn and Te precursor
thin lms were in close contact in a mold, and then heat
treatment was performed in a vacuum at 360 °C for 30 minutes,
as shown in Fig. 1(f). The Te precursor thin lm part was closer
to the heat source under the mold. Thus, Zn/Sb and Te
precursor thin lms were diffused in the mold under heat and
pressure, and formed a Sb2Te3 thin lm with Zn doping. In
contrast to the traditional co-sputtering or co-evaporation
methods, which control thin lm compositions through
annealing or in situ heating, the thermal diffusion process can
precisely control the composition of thin lms by adjusting the
thickness of precursor layers.
2.2 Characterization

X-ray diffraction (XRD, D/max-2500, Rigaku Corporation) was
used to characterize the crystal structure of the synthesized
samples with the scanning range of 2q = 10° to 80°. The
distribution and analysis of the valence states of elements was
conducted by using an X-ray photoelectron spectroscope (XPS;
ESCALAB Xi+, Thermo Fisher, USA). The surface and cross-
sectional morphology of the synthesized samples were
observed by eld-emission scanning electron microscopy (SEM,
Supra 55 Sapphire, Zeiss) and the elemental composition was
analyzed by using the equipped energy dispersive X-ray spec-
trometer (EDS, BRUKER QUANTAX 200, Zeiss). The high-
resolution nanostructure development of the synthesized
samples was observed and analyzed by using a spherical
aberration-corrected transmission electron microscope (AC-
TEM, FEI, Titan3 Themis G2). The S and s of the synthesized
samples were measured by using SBA apparatus (SBA458,
Netzsch). The carrier concentration (n) and carrier mobility (m)
at room temperature were measured by using a Hall measure-
ment system (HL5500PC, Nanometrics). The thickness of the
synthesized thin lms was measured by using a surface-prole
measurement system (Bruker Dektak XT). A home-made auto-
matic bending device was used to investigate the mechanical
exibility and durability of the synthesized thin lms with
different bending radii. The band structure information of
pristine and Zn-doped Sb2Te3 was calculated by the projector
augmented wave method as implemented in the VASP code.29
Chem. Sci., 2025, 16, 3638–3645 | 3639
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Fig. 1 (a) Comparison of PF values with those in the references; calculated band structures of the (b) pristine and (c) Zn-doped Sb2Te3material by
DFT calculations; (d) schematic diagram of the fabrication process of a Sb/Zn precursor thin film bymagnetron sputtering; (e) schematic diagram
of the fabrication process of a Te precursor thin film by thermal evaporation; (f) schematic diagram of the thermal diffusion process using Sb/Zn
and Te precursor thin films.
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The exchange–correlation functional was approximated using
the generalized gradient approximation with Perdew–Burke–
Ernzerhof parametrization.30,31 Detailed calculation procedures
were illustrated in our previous work.28

3. Results and discussion

Essentially, because p-type doping leads to an increase in hole
concentration which further enhances s in Sb2Te3 materials,
the development of the band structure should be calculated and
analyzed by the rst principles of DFT. Fig. 1(b) and (c) show the
band structure of the pristine and Zn-doped Sb2Te3 material,
respectively. Pristine Sb2Te3 possesses a relatively low bandgap
of 0.118 eV, which leads to a relatively high S. In addition, the
Fermi level of Zn-doped Sb2Te3 shis to the top pf the valence
band compared to that of pristine Sb2Te3. Thus, Zn can be
considered as a dopant that can introduce p-type doping to
increase the hole concentration in p-type Sb2Te3, and further
enhance the s.

Table S1† shows the Sb, Te, and Zn compositions of the
synthesized Zn-doped Sb2Te3 thin lms. The pristine Sb2Te3
thin lm was prepared by using a Sb precursor lm. The
synthesized Zn-doped samples were named according to the
3640 | Chem. Sci., 2025, 16, 3638–3645
content of Zn, which are 0.21%, 0.58%, 0.73%, and 1.18%,
respectively. Fig. 2(a) shows the XRD patterns of Zn doped
samples and the pristine sample compared to the standard PDF
card (PDF# 15-0874) of Sb2Te3 from 2q = 10° to 80°. All the
synthesized thin lm samples possess the same characteristic
peaks compared to the standard PDF card. No secondary phases
are formed according to the patterns. The main diffraction
peaks of all the samples are located at the (015), (1010), (110),
and (205) planes. Since the (015) plane has the strongest
intensity in the patterns, it can be proved that the synthesized
thin lm samples exhibit preferential growth along the (015)
plane. A careful examination of the (015) diffraction peak in the
XRD patterns (Fig. 2(b)) demonstrates that, with increasing Zn
content, the (015) diffraction peak shis to higher angles,
indicating a reduction in the lattice volume. To better illustrate
the changes in lattice volume, the lattice parameters a and c
with varying Zn contents are recorded in Fig. 2(c). Both a and c
show a decreasing tendency with the increase in Zn content,
pointing out the incorporation of Zn doping into the lattice of
Sb2Te3.

In addition to XRD, the valence states of the elements in the
Zn-doped Sb2Te3 thin lm samples were studied by XPS.
Fig. 2(d)–(f) show the XPS spectra of Sb, Te, and Zn from the Zn-
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07793h


Fig. 2 (a) XRD patterns of the synthesized Zn-doped thin film samples with pristine Sb2Te3 from 10° to 80°; (b) the enlarged XRD patterns of the
(015) diffraction peak; (c) the development of lattice parameters a and c with increasing Zn content; XPS spectra of Zn-doped Sb2Te3 samples
and Gaussian-fitted valence states in XPS spectra: (d) Sb 3d, (e) Te 3d, and (f) Zn 2p.
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doped Sb2Te3 samples, respectively. Fig. 2(d) shows that the
binding energy of Sb 3d3/2 and Sb 3d5/2 is located at ∼539.88 eV
and ∼530.53 eV, which are higher than the standard values of
∼537.6 eV and ∼528.2 eV, respectively. According to the
increase in binding energy, Zn doping can effectively introduce
p-type doping, lower the Fermi level and induce lattice distor-
tion, which also veries the hypothesis before the experiments.
Fig. 2(e) shows that the binding energy of Te 3d3/2 and Te 3d5/2 is
located at ∼583.18 eV and 572.83 eV, which are similar to the
standard values of ∼583.3 eV and 572.9 eV. Thus, Sb 3d and Te
3d show the valence states of +3 and −2 in Sb2Te3 materials,
respectively. Fig. 2(f) demonstrates that the binding energy of
Zn 2p1/2 and Zn 2p3/2 is located at ∼1041.58 eV and 1023.13 eV,
which is different from the standard values of ∼1044.8 and
∼1021.8 eV, respectively. Aer Zn doping, the 3 holes from Sb
are substituted by the 2 holes provided by Zn, resulting in p-type
doping in Sb2Te3 materials. Combining with the absence of
secondary phases in the samples from XRD results, Zn only
replaces Sb in Sb2Te3 materials, causing p-type doping and
lowering the Fermi level.

To better observe the microstructural development of the Zn-
doped thin lms, Fig. 3(a)–(d) show the surface morphology of
Zn 0.21%, Zn 0.73%, Zn 1.18%, and Zn 0.58% Sb2Te3 thin lm
samples under SEM, respectively. All the observed areas show
a dense Sb2Te3 phase with relatively large grains. Fig. S1(a)–(d)†
show the cross-sectional area morphology of Zn 0.21%, Zn
0.58%, Zn 0.73%, and Zn 1.18% thin lm samples under SEM.
As the gures show, the high crystallinity and highly ordered
growth in the vertical direction of the thin lm can be observed.
© 2025 The Author(s). Published by the Royal Society of Chemistry
The thickness of the synthesized thin lm samples is from
550 nm to 610 nm. Fig. 3(e) shows the mapping of the Zn 0.58%
sample under EDS scanning with the elemental distribution of
Zn-doped Sb2Te3 thin lms. As the gure shows, all the
elements are distributed uniformly in the observed area of the
thin lm without any aggregation. The EDS elemental distri-
bution mapping and scanning of the Zn 0.58% sample are
shown in Fig. 3(f), showing that all the elements detected are
uniformly distributed in the vertical direction of the thin lm
without any aggregation. Moreover, no obvious secondary
phases are formed in all the observed morphologies. Therefore,
the SEM images and EDS elemental distributions both indicate
the success of the synthesis route of the directional thermal
diffusion method, using the precursor thin lms prepared by
the magnetron sputtering and thermal evaporation methods,
with an acceptable thickness of thin lm samples.

To investigate the effect of Zn doping on the nanostructure
of Sb2Te3 materials, TEM characterization was conducted.
Fig. 4(a) shows a low-resolution TEM image of the Zn 0.58%
sample with a well crystallized structure. Fig. 4(b) shows the
high resolution high-angle annular dark eld (HR-HAADF)
image of the blue circled area in Fig. 4(a). As the gures show,
the synthesized Zn 0.58% sample possesses a highly ordered
Sb2Te3 phase without any impurity phases and clusters. Fig. 4(c)
reveals the HR-TEM image of the rectangular area in Fig. 4(b),
pointing out that two crystalline phases existed in the Zn 0.58%
sample with their corresponding inverse fast Fourier transform
(IFFT) images. Since the synthesis method suggests preferential
growth along the (015) plane, the (110) plane also existed in the
Chem. Sci., 2025, 16, 3638–3645 | 3641
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Fig. 3 SEM images of the surface morphology in (a) Zn 0.21%, (b) Zn 0.73%, (c) Zn 1.18%, and (d) Zn 0.58% Sb2Te3 thin film samples; (e) EDS
mapping image of the Zn 0.58% sample surface with Sb, Te, and Zn and the distribution of all three elements; (f) EDSmapping image of Zn 0.58%
sample cross-sectional area with Sb, Te, and Zn and the distribution of all three elements.

Fig. 4 (a) Low-resolution TEM image of the Zn 0.58% Sb2Te3 sample; (b) HR-HAADF image of the blue circled area in (a); (c) HR-TEM image of
the rectangular area in (b) with the inset of the IFFT images; (d) HR-TEM image of the red circled area in (a); (e) atomic scale HR-TEM image of the
rectangular area in (d) with the inset of the FFT image; (f) IFFT image of (e) with lattice distortion; (g) strain/distortion maps by GPA analysis in (e).

3642 | Chem. Sci., 2025, 16, 3638–3645 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Zn 0.58% sample. A clear boundary can be observed in the
gure, showing that anisotropic properties existed in the Sb2Te3
material. Fig. 4(d) demonstrates the HR-TEM image of the red
circled area in Fig. 4(a) and (e) shows the atomic scale HR-TEM
image of the rectangular area in Fig. 4(d) with the inset of the
fast Fourier transform (FFT) image. As the gure shows, the
atomic distributions are uniform and neatly organized. The d-
spacing of the observed area was calculated to be 3.25 Å, which
ts the (015) plane of standard Sb2Te3. Moreover, lattice
distortion can be observed in Fig. 4(f), which is the IFFT image
of Fig. 4(e). To further investigate the lattice distortion, the
geometric phase analysis (GPA) of the observed area in Fig. 4(e)
was conducted. The strain/distortion maps showing the distri-
bution of the strain range between ±0.1% with color bars, are
displayed in Fig. 4(g). The alternating appearance of the yellow
(−0.1%) and blue (0.1%) areas indicates the strain variation and
lattice distortion in the synthesized samples, indicating the
successful introduction of Zn into the Sb sites. In summary, the
above evidence demonstrates the successful introduction of Zn
Fig. 5 Temperature-dependent (a) electrical conductivity s, (b) Seebeck c
(c) carrier concentration (n) and carrier mobility (m) of the Zn-doped Sb2T
deformation potential (Edef) with increasing Zn content calculated by th
a function of nwith the experimental PF values of the Zn-doped Sb2Te3 sa
(i) the output voltage and output power of the fabricated f-TEGs with th

© 2025 The Author(s). Published by the Royal Society of Chemistry
into Sb2Te3, causing lattice distortion in the Sb2Te3 lattice, and
the substitution of Zn on the Sb sites.

Fig. 5(a) shows the temperature dependent s of all the
synthesized Sb2Te3 thin lm samples. Since the Sb2Te3 thin lm
is mostly applied in the near-room-temperature range, the
temperature range was set from 30 °C to 210 °C. As the gure
shows, the increase in temperature results in a decrease in the
s. For the comparison at room temperature, all the s of the
synthesized Zn-doped samples are higher than that of the
pristine sample, pointing out the enhancement of the s aer Zn
doping. Besides, the 0.58% Zn sample possesses the highest s
among all the synthesized Sb2Te3 thin lm samples. Fig. 5(b)
illustrates the S of all the synthesized Sb2Te3 thin lm samples
with temperature dependence. All the S values in the gure are
positive, pointing out the success of fabricating p-type Sb2Te3
thin lms. Moreover, all the S values of the synthesized Zn-
doped samples are higher than that of the pristine Sb2Te3
thin lm sample at room temperature, indicating that Zn
doping can enhance the S values in this series. Fig. 5(c)
oefficient S, and (d) power factor (PF) of the Zn-doped Sb2Te3 samples;
e3 samples with increasing Zn content; (e) the effective mass (m*) and
e SPB model; (f) room-temperature fitted curves of the PF values as
mples; the variation of (g) DR/R0 and (h) S after different bending times;
e increase in current (I).

Chem. Sci., 2025, 16, 3638–3645 | 3643

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07793h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 4
/8

/2
02

6 
3:

54
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
demonstrates the n and m of the synthesized Sb2Te3 thin lm
samples with the increase in Zn content. The n is rst increased
from 11.60 × 1019 cm−3 (for pristine) to 14.80 × 1019 cm−3 (for
a Zn doping content of 0.58%), and then decreased. The m

shows a totally different tendency compared to n since the
mobility is negatively correlated with the carrier concentration.
Thus, the Zn 0.58% content of dopant achieves the most
signicant enhancement of n. Fig. 5(d) illustrates the PF values
of all the synthesized Sb2Te3 thin lm samples with tempera-
ture dependence. As the gure shows, the PF values show
decreasing tendencies when the temperature increased. All the
PF values of the synthesized Zn-doped thin lms are higher
than that of the pristine sample, demonstrating the signicant
improvement of PF aer Zn doping in Sb2Te3 thin lms.
Besides, the best PF of all the synthesized Zn-doped Sb2Te3 thin
lm samples is 22.93 mW cm−1 K−2 of the Zn 0.58% sample at
room temperature. This outstanding enhancement of PF brings
around 43.12% enhancement in Zn doping of the Sb2Te3 thin
lm, compared to a PF of 16.0 mW cm−1 K−2 for pristine. The
best n for the Zn 0.58% sample can also support the result of the
best PF values, and further proves the signicant role of carrier
concentration in TE performance enhancement. Fig. 5(e) illus-
trates the effective massm* and deformation potential Edef with
the increase in Zn content, calculated by the single parabolic
band (SPB) model.32 As the gure shows, m* is rst increased
and then decreased with increasing Zn content, and Edef is rst
decreased and then increased with increasing Zn content. The
highest m* and the lowest Edef both belong to the Zn 0.58%
sample, pointing out the similar variation trend towards n and m

in Fig. 5(c). The signicant increase in m* is most likely to lead
to an increase in S, achieving the decoupling of S and s in the
Zn-doped Sb2Te3 thin lm. Fig. 5(f) exhibits the room-
temperature tted curves of the PF values as a function of n,
also calculated using the SPB model, with the experimental PF
values for all the synthesized Zn-doped samples. Although the
PF values in this work are not located at the highest PF point
corresponding with a signicant n, they are still in the consid-
erable range for n optimization (∼1 × 1020 cm−3) to obtain an
optimized PF value of 22.93 mW cm−1 K−2 in the Zn 0.58%
sample at room temperature.

To investigate the mechanical exibility of the synthesized
Zn-doped Sb2Te3 thin lms, the variation of resistance (R) and S
is recorded aer bending several times. The variation of R is
usually recorded as the resistance change rate (DR/R0, where DR
is the difference of the initial resistance and resistance aer
bending, and R0 is the initial resistance). Fig. 5(g) and (h)
illustrate the DR/R0 and S aer bending several times with 6
mm, 8 mm, 10 mm bending radii by using custom-made
bending furniture. The inset photo of Fig. 5(h) is the bending
process conducted in the bending furniture. The error bars of
both DR/R0 and S are 5% according to the measurement errors
of the equipment. As shown in Fig. 5(g), the DR/R0 increased
with the decrease in bending radius aer bending 1000 times.
The DR/R0 is 9%, 5%, and 3.8% when the bending radius is 6
mm, 8 mm, and 10 mm, respectively aer bending 1000 times.
As sgown in Fig. 5(h), all the S values aer bending 1000 times
are located at around 110 mV K−1. Thus, bending of the thin lm
3644 | Chem. Sci., 2025, 16, 3638–3645
does not introduce cracks or fractures and further inuence S,
since S is one of the intrinsic properties of the material itself.
Therefore, the synthesis of Zn-doped Sb2Te3 thin lms leads to
outstanding mechanical properties and mechanical durability
on a exible PI substrate. Finally, the Zn 0.58% sample served as
the p-leg for f-TEG device fabrication, characterized by using
home-made equipment in our previous work. The measured
output voltage U and output power P of this device as a function
of current (I) with temperature difference DT are shown in
Fig. 5(i). The U and P were measured by different DT values of 10
K, 20 K, 30 K, and 40 K. The maximum U and P reached
∼53.0 mV and ∼1100 nW under a DT of 40 K. These results can
support that the synthesized f-TEG has great potential for
application in self-powered wearable devices.

4. Conclusion

In this work, we identied the appropriate dopant of Zn with the
support of theoretical calculations and then successfully
synthesized the Zn-doped p-type Sb2Te3 exible thin lms. The
DFT calculation of the band structure indicates the shi of the
Fermi-level to the top of the valence band by enhancing the hole
concentration, and also conrms the signicant dopant of Zn
among all the p-type doping dopants. The thin lm samples
were all synthesized by a directional thermal diffusion method,
which was thermally connected by the Sb/Zn precursor lm
(magnetron sputtering method) and Te lm (thermal evapora-
tion method). Microstructure characterization showed that the
dopant Zn atoms have entered the lattice of Sb2Te3 by XRD, XPS,
SEM, EDS, and TEM results, and Zn replaces the Sb sites.
Consequently, the s was enhanced by the improvement of n;
however, the S was most likely to be improved by the increase in
m*, achieving the decoupling of S and s in Zn-doped Sb2Te3
thin lms. Meanwhile, the synthesized thin lms are proved to
possess outstanding mechanical exibility and durability aer
bending tests. Finally, a signicantly high power factor value of
22.93 mW cm−1 K−2 at room temperature in the Zn 0.58%
sample was achieved. Thus, this work provides a mature
synthesis procedure and signicant theoretical calculation
guidance for the Sb2Te3 thin lm to reach the demand of
wearable F-TEGs.
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