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CONTEXT & SCALE Thermoelectric (TE) technology can directly convert heat to electricity, providing a vast
possibility for waste heat recovery toward energy sustainability and carbon neutrality. However, flexible TEs
are limited by the low power factor (PF) and brittleness of materials, especially at room temperature. In this
study, uniformly distributed twins were found to simultaneously modulate the carrier concentration, Seebeck
coefficient, mobility, and local strain propagation in the film, resulting in superior TE performance and
enhanced flexibility at room temperature. Additionally, guided by finite-element modeling, an impressive
maximum power density of 69 Wm�2 under a temperature difference of 56.8 K was achieved using a flexible
TE generator. This breakthrough offers a practical blueprint for wearable electronics and sustainable heat
harvesting.
SUMMARY
Flexible thermoelectrics (TEs) have been used in self-powered electronics and heat harvesters due to their
matchable heat flux values across curved/non-flat interfaces, aiming to achieve a balance between thermo-
electricity, flexibility, and scalability. In this work, we constructedBi0.4Sb1.6Te3 thin filmswith a high density of
annealing twin boundaries to simultaneously modulate the carrier concentration, Seebeck coefficient,
mobility, and local strain propagation. Specifically, the thin films achieved an ultrahigh power factor reaching
45 mW cm�1 K�2 and demonstrated modest electrical conductivity variations (<10%) after 1,000 bending cy-
cles at room temperature. Furthermore, we presented a large-area, cost-effective thin film of up to 100 cm2

and a flexible generator with an impressive maximum power density of 69 Wm�2 at a temperature difference
of 56.8 K. This flexible TE could not only serve as a framework for comprehending the structure-property cor-
relation in inorganic TE thin films but also provide feasibility for wearable electronics and sustainable heat
harvesting.
INTRODUCTION

Thermoelectric (TE) technology enables direct energy conver-

sion between heat and electricity, providing waste heat recovery

for energy sustainability and net zero carbon emissions.1–3 The

TE performance of materials is typically determined by the

dimensionless figure of merit (ZT) according to ZT = S2sT/ktot,
All rights are reserved, including those
where S is the Seebeck coefficient, s is the electrical conductiv-

ity, T is the absolute temperature, and ktot is the total thermal

conductivity.4–6 However, the interplay between these intrinsic

parameters (S, s, and ktot) and the effective mass (m*) alongside

carrier concentration (n) (e.g., Sfm*, sf 1/m*, Sf n�2/3, and s

f n) makes ultrahigh ZT challenging, especially for Bi2Te3-based

TE materials at ambient temperature. Therefore, considering
Joule 8, 3313–3323, December 18, 2024 ª 2024 Elsevier Inc. 3313
for text and data mining, AI training, and similar technologies.

mailto:hejq@sustech.edu.cn
https://doi.org/10.1016/j.joule.2024.08.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.joule.2024.08.009&domain=pdf


Article
ll
low-grade heat harvesting at non-flat or curved surfaces, the

minimization of heat loss across heterointerfaces necessitates

a concise balance between high thermoelectricity and flexibility

to achieve cost-effectiveness and sustainability demands.

Recently, high TE performance and mechanical properties

have been obtained in Bi2Te3-based bulkmaterials. The transfor-

mation of innate rigidity and brittleness into highly flexible thin

films has attracted attention from academia and industry. For

example, physical vapor deposition techniques such as magne-

tron sputtering (MS), vacuum thermal evaporation (VTE), pulsed

laser deposition (PLD), and molecular beam epitaxy (MBE)7–14

have been implemented, yielding dense and high-performance

inorganic TE thin films. Specifically, Zheng et al.12 reported on

an Ag-doped Bi2Te3 flexible film with (000l) orientation, where

the thermal and electrical transport properties at the in-plane di-

rection were optimized through the introduction of Ag multiple

defects. Similarly, a strong (00l)-orientation Ag2Se thin film was

assessed by lowering the (00l) formation energy due to the de-

fects of tellurium (Te) occupancy at the Se position.13 Fu

et al.14 prepared a high-quality Bi0.5Sb1.5Te3 van der Waals

epitaxy film on a sapphire substrate grown using PLD, which ex-

hibited a high in-plane ZT value of�0.9. However, the underlying

mechanism of electrothermal transport in Bi2Te3-based TE thin

films has rarely been assessed and fully elucidated. Moreover,

in Bi2Te3-based polycrystalline thin films, TE transport is sophis-

ticated and typically involves multiple competitive mechanisms.

Interestingly, grain boundary (GB) scattering has been shown

to manipulate mass (atoms), heat (phonons), and charge (car-

riers) transport in bulk TE materials recently.15 The presence of

GBs can lead to incomplete atomic bonds at interfaces, effec-

tively modulating the carrier concentration while impeding in-

ter-grain carrier movement due to energy barriers.16–18 More

importantly, compared with GB structures, twin boundaries

(TBs) often possess low energy and typically form a stable,

coherent interface.19 For example, Biswas et al.20 reported

that the integration of coherent interfaces into PbTe-based

bulk materials could mitigate carrier scattering without lowering

the carrier mobility, allowing for a large power factor (PF) of

25 mW cm�1 K�2. Therefore, a comprehensive understanding

of the impact of TB engineering on the electrical transport mech-

anism is critical for enhancing TE properties. In Bi2Te3-based

materials with a rhombohedral R-3m space group and quintuple

layers (QLs, Te(1)-Sb/Bi-Te(2)-Sb/Bi-Te(1)), van der Waals

forces (the weakest in this structure7,21) dominate the interac-

tions between neighboring QLs along the c axis direction.22

Consequently, layered bulk materials are likely to experience

slippage and deformation along the (000l) crystal plane under

thermal stress, ball milling, or annealing processes, resulting in

the formation of deformation twins.23–25 Fortunately, TB can

maintain a bulk-like atomic arrangement, potentially facilitating

favorable carrier transport properties.26 For example, Yu

et al.27 demonstrated that numerous TBs in a Bi0.5Sb1.5Te3
bulk system obtained using liquid-state manipulation methods

could filter low-energy carriers to achieve a large Seebeck coef-

ficient of 217 mV K�1 at room temperature. Mao et al.28 discov-

ered an abundance of nanoscale twins in Cu-Ni alloys, which

significantly improved the TE performance by 34% at 873 K.

Nevertheless, the nanosized grains and micro-nanometer film
3314 Joule 8, 3313–3323, December 18, 2024
thickness made it challenging to introduce deformation twins

via dynamic plastic deformation.29 Further, high-density anneal-

ing twins have been successfully introduced through heat treat-

ment. However, few studies have investigated how the formation

and manipulation of twin structures impact the thermoelectricity

and flexibility of inorganic thin films, especially at ambient

temperature.

In this work, inspired by the electrical transport mechanism of

bulk polycrystalline, we presented a novel flexible Bi0.4Sb1.6Te3
(BST) film obtained using the VTE method alongside an opti-

mized thermal annealing process. Notably, the uniformly distrib-

uted TBs were found to selectively restrain phonon propagation

while promoting carrier transport in the film. In addition, the intro-

duced density of state (DOS) significantly enhanced the Seebeck

coefficient to �180 mV K�1 with negligible electrical conductivity

deterioration (Figure 1A). Consequently, a synergistic combina-

tion of a high Seebeck coefficient and superior electrical perfor-

mance resulted in an impressive PF of 45 mWcm�1 K�2 and a ZT

value of �1.4 at room temperature, outperforming other TE thin

films (Figure 1B).9,14,30–34 Our experimental and computational

results demonstrated that TBs played a pivotal role in striking a

balance between the characteristics of carrier transport, TE per-

formance, and flexibility. We also constructed a flexible TE

generator (f-TEG) with a power density of 69Wm�2 under a tem-

perature difference of 56.8 K, which was highly competitive with

reported in-plane TE devices (Figure 1C).10,12,31,33,35–38 This

approach meticulously optimizes the arrangement and density

of TBs within the polycrystalline flexible thin film, introducing a

new dimension to TE performance improvement and offering a

refined control over flexibility and thermal management. This

finding may serve as an exemplary framework for understanding

the structure-property relationships of inorganic flexible TE

thin films.

RESULTS

Microstructure and characterization of BST thin films
BST thin films were initially deposited on flexible polyimide (PI)

substrates using VTE and subsequently annealed at tempera-

tures ranging from 323 to 673 K, with increments of 50 K. The

surface morphology of the films is shown in Figure S1, which re-

veals that the samples possessed a dense and smooth surface.

Notably, during the annealing process, the BST grains merged

with one another, leading to recrystallization and expansion in

the size of tens of nm to several hundreds of nm. Additionally,

the surface roughness of the annealed films was �10 nm, which

was sufficiently low and considered nearly flat (Figure S2). In the

VTE method, the thicknesses at each location in the deposited

films were precisely manipulated using crystal detectors,

achieving a high degree of concordance with the measurements

obtained from a step profiler and via cross-sectional scanning

electron microscopy (SEM) (Figure S3). Energy dispersive spec-

troscopy (EDS) analysis revealed that Te, antimony (Sb), and bis-

muth (Bi) atoms were evenly distributed across the film surface

(Figure S4). This uniform distribution suggested no precipitation

of the secondary phases before or after the annealing process,

confirming that the p type BST thin film maintained a homoge-

neous composition.



Figure 1. Twin boundaries enhanced the flexible Bi0.4Sb1.6Te3 thin film with ultrahigh TE performance

(A) Schematic diagram of the flexible p type Bi0.4Sb1.6Te3 thin film, with detailed insets highlighting the carrier and phonon transport mechanisms, the structure of

the twin boundaries, and a conceptual depiction of the partial charge density situated between the Te(1)-Te(1) atomic layers.

(B) State-of-the-art comparison of TE performance at room temperature for p type flexible Bi2Te3-based films.9,14,30–34

(C) Comparison of maximum output power density (PDmax) versus temperature difference revealed that the obtained PDmax was higher than the f-TEGs with TE

strips fabricated using similar PVD techniques (light red)10,12,31,33,35 and conventional chemical approaches (light blue).36–38
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The Euler map (Figure 2A) and GB statistics (Figures 2B and

2C) derived from electron backscatter diffraction (EBSD) pro-

vided crucial insights into the microstructure of BST thin films af-

ter annealing at 623 K for 2 h. EBSD analysis demonstrated an

average grain size of �800 nm with a relatively uniform pattern.

The central region of the pole figure (Figure S5) exhibited a lighter

hue, while a surrounding circle was darker, indicating that the

majority of grains inclined at certain angles relative to the trans-

verse direction-rolling direction (TD-RD) coordinate system but

tended to form a (000l) texture. Moreover, the X-ray diffraction

(XRD) results (Figure S6) of the films subjected to various anneal-

ing treatments revealed improved crystallinity, and a more pro-

nounced (000l) peak could be attributed to a higher annealing

temperature, suggesting preferential grain growth along the

(000l) plane. The orientation factor value of the (000l) crystal

plane in the films annealed at 623 K was 0.351, with the details

provided in Note S1. The GB map in Figure 2B illustrated three

categories of GBs, namely, high-angle GBs (HAGBs) ranging
from 15� to 110�, low-angle GBs (LAGBs) between 5� and 15�,
and TBs with a typical misorientation angle of 60� ± 2�, as re-

ported in previous studies.27,39 Furthermore, as shown in Fig-

ure 2C, misorientation angle statistics indicated that over 90%

of the GBs were HAGB. Notably, the 60� misorientation angle

was particularly prominent, encompassing not only the conven-

tional 60� GBs (blue histogram) but also the majority of TBs (red

histogram), accounting for�25.2% of the total GB length. EBSD

statistical analysis verified that the TB was minimal in the films

annealed at 423 and 473 K (Figure S7), while a significant in-

crease was observed at 623 K, resulting in coherent twins (de-

noted as TB-rich BST thin films, Figure S8 and Note S2).

To investigate the impact of twinning on the TE properties,

BST thin films with high crystallinity were prepared through in

situ deposition at 623 K, denoted as TB-poor BST thin films,

which exhibited lower twinning content versus their annealed

counterparts. Statistically, the TB-poor BST thin film had a

smaller grain size but showed similar crystallographic orientation
Joule 8, 3313–3323, December 18, 2024 3315



Figure 2. Microstructure and characterization of the Bi0.4Sb1.6Te3 thin films

(A) Euler map of the in-plane EBSD images of the TB-rich BST thin film.

(B) Image quality (IQ) corresponds to (A), where the blue lines represent the HAGB, the green lines represent the LAGB, and the red lines represent the TB. The

inset chart represents the statistical results derived from various boundaries.

(C) Quantitative statistics of various types of GBs, revealing that the distribution of conventional GBs (depicted by the blue histogram) followed a normal dis-

tribution, while the protrusion at 60� (depicted by the red histogram) corresponded to additional fractions occupied by TBs. The inset image illustrates that the

majority of the 60� GBs had a propensity to align with the (000l) plane.

(D and E) Low-magnification TEM image (D), as well as (E) high-magnification TEM image of area within the green circle in (D), and TBs marked by red lines.

(F) Atomically resolved STEM-HAADF images, showing a highly symmetrical twin interface structure. The corresponding atomic intensity curve for the green lines

is shown in Figure S11B.
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growth with the TB-rich BST samples (Figures S9 and S10).

However, the twinning length per unit area in the TB-rich BST

thin films wasmore than 7-fold greater than the TB-poor sample,

and the area ratio of twins in the TB-rich sample was 57.6%, in

contrast to just 10% in the TB-poor sample (Figure S11 and

Note S3). This clearly illustrates the high density of twinning in

the TB-rich sample. As observed through in-plane scanning

transmission electron microscopy (STEM) characterization of

the TB-rich sample, the low-magnification image confirmed

that the grain size was consistent with the SEM and EBSD

data (Figure 2D). However, due to the inherently small grain

size, TBs were not apparent. The higher-magnification image re-

vealed the presence of distinct annealing twins, and several par-

allel TBs were observed within a single grain (Figures 2E and 2F).

The fast Fourier transform (FFT) pattern corresponding to Fig-

ure 2E demonstrated two sets of symmetrical crystal planes (Fig-

ure S12A). The intensity profiles along the green line region in
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Figure 2F (Figure S12B) revealed that Te(1)-Te(1) spacing be-

tween the TBs and the general van der Waals layer was virtually

identical at �280 pm. These results served as a foundation for

the proposed twin structure model, and the examination of

atomic arrangement in the high-magnification image showed

that the atomswithin the grains were organized with a character-

istic QL pattern (Figure S12C).

TE properties and carrier transport mechanisms
The annealing process was found to play a pivotal role in the TE

performance of the BST thin films. Following an optimization of

thickness, 1-mm film was chosen for further investigation (Fig-

ure S13). Figure S14 summarizes the TE performance of the

BST thin films at different annealing temperatures. These results

indicated that the electrical conductivity of the films improved

with increasing annealing temperatures, especially above 473

K, while the Seebeck coefficient slightly decreased. This was
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ascribed to a combination of factors, including grain growth,

improved crystallinity, and enhanced texture of the films (Figures

S1 and S6). This also led to a significant increase in the PF of

45 mW cm�1 K�2 at room temperature after annealing at a tem-

perature of 623 K.More importantly, carrier scattering in the films

was dominated by acoustic phonons when the annealing tem-

perature exceeded 473 K, according to the mobility variations

across the different samples (Figures S14E and S14F). These

findings not only contributed to high electrical performance but

also facilitated the Seebeck coefficient increase by �700%

over the pristine film. Structural analysis also suggested that

these films contained a high density of TBs (Figure 2). Conse-

quently, to investigate the effect of annealing TBs on the TE per-

formance of the films, we introduced in situ annealed TB-poor

thin films with a reduced concentration of TBs for comparison.

Figures 3A and 3B present the TE performance of the two types

of thin films as a function of temperature. Both thin films ex-

hibited excellent electrical properties, and the trend of conduc-

tivity decrease with increasing temperature was consistent

with the transport behavior of degenerate semiconductors.

However, the TB-rich film showed a significantly higher Seebeck

coefficient than the TB-poor film, providing an average PF of

33.7 mW cm�1 K�2 (300 % T % 453 K), which surpassed that

of the TB-poor films (22.9 mW cm�1 K�2) and other p-type thin

films (Table S1).9,14,31,32,40 Moreover, three high-to-low temper-

ature testing cycles were conducted on the TB-rich and TB-poor

films, demonstrating their excellent stability and durability (Fig-

ure S15). Concurrently, the evaluation of samples from distinct

batches further highlights the dependable repeatability of the

production process (Figure S16). To explain the differences in

electrical conductivity and Seebeck coefficient between the

two films, carrier concentration and mobility characterization

were performed (Figure 3C). The TB-rich BST film demonstrated

higher carrier mobility than the TB-poor thin films, suggesting a

concurrent reduction in carrier concentration. This is because

the TBs exhibited weaker interfacial scattering than other gen-

eral interfaces, allowing the carriers to traverse these boundaries

without the mobility decline typically associated with strong

interface filtering, which can be verified by the gradual disap-

pearance of the potential barrier height in Figure S14F. Further-

more, the carrier concentration and mobility of the TB-rich and

TB-poor thin films were found to follow the temperature depen-

dence of T� r (1.0 % r % 1.5), demonstrating that acoustic

phonon scattering was the predominant mechanism affecting

these properties, and this behavior aligned with the single para-

bolic band (SPB) model16 (Note S4). Therefore, the effective

mass values of the two thin films were deduced from the S and

n relationship. Compared with other recently reported p-type

Bi2Te3-based thin films (Figure 3D),9,14,30,32,34 it was evident

that the reduced carrier concentration and increase in m* from

0.8m0 (TB-poor) to 1.03m0 (TB-rich) enhanced the Seebeck

coefficient.

To explore the underlying mechanism of electrical transport in

depth, ultraviolet photoelectron spectroscopy (UPS) character-

ization was performed on the TB-rich and poor BST thin films,

and we calculated the energy band structures and DOS for sce-

narios with and without twins. Figure 4A shows the secondary

electron cutoff region, which was indicative of the work function
(WF), as well as the onset of the valence band (VB) region, and a

Tauc plot representation of the band gap is shown in Figure S17.

According to UPS analysis, WF increased from �3.95 eV (TB-

poor) to �4.12 eV (TB-rich), and the fermi level of the TB-rich

sample was positioned closer to the center of the band gap

than the fermi level of the TB-poor sample (Figure 4B). This

observation suggested that the increment of TB content in the

films was beneficial for transitioning from strong p-type (TB-

poor BST film) to weak p-type (TB-rich BST film) semiconductor

behavior. Concurrently, this points to an increase in the popula-

tion of electrons occupying the energy bands, which accounted

for the lower carrier concentration in the TB-rich BST thin films.

Additionally, to elucidate the change in energy band structure,

we performed theoretical calculations on systems with and

without TB (Figure 4C), utilizing the established twin model (Fig-

ure S12 and Note S5). We observed that the incorporation of TB

moved the fermi level toward the conduction band. This shift

functioned analogously to donor doping, supplying electrons

that compensated the hole carriers in the p-type thin films, re-

sulting in a decrease in carrier concentration. We experimentally

determined the energy-level diagrams of the TB-rich and TB-

poor BST thin films, which were corroborated by the results ob-

tained from the theoretical calculations. Furthermore, the effec-

tivemass of the hole carriers was contingent upon the gradient of

the valence band maximum (VBM). The expression for the effec-

tive mass derived from the DOSs is shown in Equation 1 41:

DOSðEÞ =
1

2p2

�
2m�

d

Z2

�3
2

E
1
2: (Equation 1)

Figure 4C reveals the significant increase in the slope of the

TB-rich BST thin film near the VBM. Combined with the above

formula, it was evident that the twin structure endowed the

film samples with a higher DOS and effective mass than struc-

tures devoid of twins, aligning with the experimental observa-

tions. The plane-average difference charge density also re-

vealed an additional DOS within the Te(1)-Te(1) layer near

the TB in real space (Figures 4D and S18), which was likely

responsible for the increase in DOS induced by the TBs. The

cumulative effect of all the aforementioned factors contributes

to the enhancement in the Seebeck coefficient in the TB-rich

BST thin film.

In addition, for TE materials and devices, the thermal con-

ductivity and power density can be characterized in both out-

of-plane and in-plane directions, as long as the thermal and

electrical measurements are conducted along the same direc-

tion, as illustrated in Figure S19. Here, the in-plane thermal

transport properties of both films at room temperature were

evaluated using a transient-photo-electro-thermal (TPET)

method42 (Figure S20 and Note S6), yielding thermal conductiv-

ities of 1.05 W m�1 K�1 for the TB-poor BST thin film and

0.95 W m�1 K�1 for the TB-rich BST thin film (Table S2). The

observed reduction in thermal conductivity can be linked to

the presence of TBs,43 which are estimated to contribute

�24% to phonon scattering. Further analysis using the

Debye-Callaway model, as depicted in Figure S20D and Note

S7 (with specific parameters outlined in Table S3), indicates
Joule 8, 3313–3323, December 18, 2024 3317



Figure 3. TE performances and carrier trans-

port mechanisms of the Bi0.4Sb1.6Te3 thin

films

(A and B) The temperature-dependent TE per-

formances of (A) electrical conductivity, Seebeck

coefficient, as well as (B) the power factor of the TB-

rich and TB-poor BST thin films.

(C) The carrier concentration andmobility of the BST

thin films.

(D) The carrier density-dependent values of S of

the BST thin films and reported Bi2Te3-based

films.9,14,30,32,34 The dashed lines were calculated

by the single parabolic band (SPB) model, wherem*

denotes the effective mass.
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that TBs effectively scatter mid- to low-frequency phonons.

This brings forth a subsequent decrease in lattice thermal con-

ductivity, aligning closely with the experimental findings.

Consequently, a ZT value of �1.4 of TB-rich BST thin films

was obtained at room temperature, which was competitive

among state-of-the-art p-type Bi2Te3-based thin films.

Flexibility, scalability, and sustainability of the BST thin
films
In terms of the QL structure, the texture of the grains could theo-

retically promote the flexibility of the filmwhen the bending plane

was parallel to these layers due to the interlayer separation/slip

of the (000l)< 1210> slip systems.44 However, in polycrystalline

thin films under deformation, conventional GBs have often

shown an insufficient ability to accumulate dislocations, leading

to unstable flexibility and toughness, with the TBs providing

sufficient space for dislocation accumulation and storage.45 To

better elucidate the mechanism, the deformation behavior (Fig-

ure S21) of the TB structure was represented by molecular dy-

namics (MD) simulations. Observations revealed that the sym-

metry of atomic displacements within the grains was preserved

along the y axis during bending deformation, irrespective of the

presence of TB. However, in the z axis direction, grains

with TB displayed a consistently symmetric distribution of

atomic displacements aligned with the TB, while those without

TB showed asymmetry and instability in their displacement pat-

terns (Figure 5A; Video S1). These findings indicated that the

bending strain was effectively distributed and accommodated

along the TB. From the perspective of tensile deformation, we

observed that dislocations traversed across the TB, entering

the twin lamellae and assimilating into the coherent TB.

The dislocations then dissociated into distinct partial disloca-

tions, gliding along the TB or forming dislocation locks near the
3318 Joule 8, 3313–3323, December 18, 2024
TB (Figure S22; Videos S2 and S3). This

ensured that the material maintained

superior structural integrity during defor-

mation under external stress, significantly

reducing the propensity for fracture and

averting serious degradation of its electri-

cal properties.48,49 Guided by MD simula-

tion guidance, TB-rich, TB-poor, and

pristine BST films with a thickness of

�1 mm were utilized for flexibility testing
(Figure 5B; Video S4). Notably, at a bending radius of 5.0 mm,

the electricity conductivity of the TB-rich BST film was main-

tained at �91% of s0 after 1,000 bending cycles, while �85%

and�74%of s0 remained for the TB-poor and pristine BST films,

respectively. A significant drop in film electricity occurred when

the bending radius was reduced below 3 mm, signaling that

the film had reached its bending limit in practical applications.

The calculated mechanical strain for the TB-rich film at this point

is �0.6%, whereas the ultimate strain for the TB-poor film is

0.4% (Note S8). Consequently, it can be deduced that a high

density of nanoscale twins enabled the effective transmission

of localized stresses, enhancing material strength without

compromising its flexibility. Based on these findings, the sub-

stantial increase in flexibility of the thin film also endowed

f-TEG with exceptional flexibility (Figure 5C). The s/s0 remained

over 90% for the minimally encapsulated prototype consisting of

a single pair of p-n legs (the TE performance of n-leg is detailed in

Table S4) after 1,000 bending cycles (r = 10, 15, and 20 mm) in

both horizontal and vertical directions (Figure S23), presenting

its distinct mechanical. For f-TEG, the relationship between the

electrical output and its geometry is analyzed using finite-

element simulation (Figure 5D) in conjunction with a homemade

test platform (Figure S24) for evaluating device performance.

Numerically, at the temperature difference of DT = 56.8 K, the

PDmax of 75 W m�2 was obtained when the cross-sectional

area ratio between p- and n-type f-TE strips (Ap/An) is maintained

at 0.7 and L = 10 mm.When the temperature difference between

the hot end and the cold end is kept at 56.8 K, the measured

open circuit voltage is 132.9 mV, which is consistent with the re-

sults calculated according to the equation V0 = N$Snp$ðTh � TcÞ
(Figure S25 and Note S9). In addition, the contact resistance (RC)

between the electrode and the TE film is relatively low (Fig-

ure S26) and negligible. The maximum output power could be



Figure 4. Band structures for the Bi0.4Sb1.6Te3 thin films

(A) Secondary electron cutoff spectra (left), as well as (right) valence band (VB) structure.

(B) Experimentally determined energy-level diagrams of the TB-rich and TB-poor BST thin films from ultraviolet photoelectron spectroscopy (UPS) studies.

(C) Calculated electronic band structure and projected density of states (PDOSs) of Sb2Te3 supercells (left) without and (right) with TB according to density

functional theory (DFT) simulations.

(D) Partial plane-average difference charge density of the TB model, showing additional DOS between the Te(1)-Te(1) atomic layers in the TB.
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obtained when a load resistance (Rl) is equal to the internal resis-

tance (Rin) of the device. Consequently, it can be inferred that Rin

of the device is �200 U, and the Pmax under the temperature dif-

ference of 56.8 K was 21 mW (Figure 5E). Additional calculations

yielded a PDmax value of 69 W m�2 for the f-TEG, which closely

aligned with the predicted value. To demonstrate the feasibility

of sustainable and scalable manufacturing of the proposed

BST thin films, functional f-TEG fabrication was conducted

under physics-guided co-design (Figure 5F).47 Notably, the

deposited large-scale (>100 cm2, Figure S27) and uniform

film demonstrated lower electricity consumption and carbon

footprint toward sustainable development compared with other

techniques (Table 1). Following the assessment of sustainable

performance from materials to devices, we compared our find-

ings with a selection of emblematic reports and demonstrated

superiority in both energy conservation and sustainable large-

scale production (Figure 5G).9,12,46 Compared with the majority
of advanced f-TEGs, our device also had significant advantages

(Table S5).33,34,36,37,50,51

DISCUSSION

In summary, in this work, we prepared an ultrahigh TE perfor-

mance flexible BST film with high-density annealing TBs using

the VTE method. The incorporation of twins in the BST thin films

fine-tuned the carrier concentration range and augmented the

effective mass, leading to an increase in the Seebeck coefficient

by�30% in the TB-rich sample comparedwith the TB-poor sam-

ple. Moreover, the weaker scattering effect at the TBs than at

conventional GBs preserved high carrier mobility by allowing en-

ergetic carriers to pass through unimpeded, resulting in an excel-

lent PF of 45 mWcm�1 K�2. Additionally, the TBs and their stress

fields intensified phonon scattering, leading to a reduction in

thermal conductivity and a high ZT value of �1.4 at room
Joule 8, 3313–3323, December 18, 2024 3319



Figure 5. Scalable and sustainable manufacturing of the flexible Bi0.4Sb1.6Te3 thin films and physics-guided f-TEG

(A) Molecular dynamics (MD) simulations of the crystal structure without (top) and with (bottom) TB under bending deformation. The models were projected onto

the Y-Z plane, with displacements corresponding to tensile and compressive strains along the < 1210> direction.

(B and C) Flexible bending tests of BST thin films (B) and (C) the f-TEG. Relative electrical resistance as a function of bending radius (solid pattern) and bending

cycles (hollow pattern) for TB-rich, TB-poor, and pristine BST films. s and s0 are the resistances of the samples in the bending deformation state and original flat

state, respectively.

(D) Simulated maximum output power density versus geometry, DT = 56.8 K.

(E) Output voltage and power at different temperatures for f-TEG.

(F) Schematic diagram showing the process of preparing BST thin films and f-TEG.

(G) Comparison of sustainable performance between the materials and devices.9,12,46 The production efficiency was defined as the inverse of the production

cycle time for a TE thin film, while the electricity efficiency was defined as the inverse of total electricity consumption during the same production cycle. The

precise values for these parameters are listed in Table 1.
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temperature, which was competitive with corresponding bulk

materials. The TB-rich BST film exhibited a modest variation

(<10%) in electrical conductivity after 1,000 bending cycles

with a bending radius of 5 mm. We subsequently developed an

f-TEG with excellent flexibility and achieved a notable PDmax of

69 W m�2 under a temperature difference of 56.8 K. These find-

ingsmay serve as a foundation for future advancements in devel-

oping efficient and cost-effective TE devices for sustainable en-

ergy applications.
3320 Joule 8, 3313–3323, December 18, 2024
EXPERIMENTAL PROCEDURES

BST thin films and f-TEG preparation

Large-scale BST thin films were deposited on a flexible Kapton (PI) substrate

using the VTE method, employing commercial BST as the target material. The

uniformity of the films was precisely maintained by regulating the vacuum level

in the cavity, the substrate-to-target distance, the deposition rate, and

ensuring a steady rotational speed of the substrate. This formed the basis

for the design and optimization of f-TEG. Additional details are provided in

the supplemental information.



Table 1. Sustainability assessment of the state-of-the-art Bi2Te3-based thin films

TE thin films

Target

materials Methods*

Time

cost (h)

Electricity

(kWh)*

CO2

emission (kg)* Scalability Refs.

Ag-doped

Bi2Te3

Ag, Bi, Te MS + HP + Ann �2 �22 �15.6 >11 cm2 Zheng et al.12

Bi0.5Sb1.5
Te3-SWCNT

Bi2Te3, Sb2Te3, Te CVD (SWCNT) + MS >3 >20 >14.2 N/A Jin et al.9

Bi0.5Sb1.5Te3-

graphene

Bi, Sb, Te CVD (graphene) + PLD >10 >30 >21.3 �1 cm2 Kim et al.46

Bi0.4Sb1.6Te3 Bi0.4Sb1.6Te3 VTE + Ann 3.5 �16 �11.4 large-

scale

(>100 cm2)

This work

The electric power of deposition equipment and post-synthesis of the thin films were slightly different in the reports. In our estimations, we assumed an

electricity usage of 8 kW for PVD deposition, 3.5 kW for CVD equipment, 15 kW for hot-pressing, and 6 kW for annealing treatments. For equivalent CO2

emissions: 1 kWh electricity = 0.709 kg CO2.
47

*MS, magnetron sputtering; HP, hot-pressuring; VTE, vacuum thermal evaporation; PLD, pulsed laser deposition; CVD, chemical vapor deposition;

Ann, annealing treatment.
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Material characterization

The details can be found in the supplemental information.

Theoretical calculation and simulation

Density functional theory (DFT) and MD simulations were performed to deter-

mine the transport and flexibility mechanisms of TB in the thin films. Finite-

element analysis (FEA) was employed to facilitate geometry-dependent opti-

mization for f-TEG. A SPB model was constructed to elucidate the carrier

transport performance. Additional details can be found in the supplemental

information.
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