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1. Introduction

With the increasing demand for wearable 
power supplies on the internet of things,[1–4]  
flexible thin-film thermoelectric devices 
(TEDs) with unique advantages of wear-
ability and scalability have attracted ever-
increasing attention.[5–7] Typically, flexible 
thin-film TEDs are composed of highly 
flexible organic materials, such as poly-
styrene sulfonate acid (PEDOTS : PSS),[8]  
poly vinylidene fluoride,[9] polyaniline.[10] 
These devices exhibit high flexibility, where 
the key challenge lies in the low material 
performance. The overall material perfor-
mance is evaluated by the dimensionless 
figure of merit, ZT = S2σT/κ = S2σT/(κl + κe),  
and S, σ, T, κ, κl, and κe are the Seebeck 
coefficient, the electrical conductivity, the 
absolute temperature, the total thermal 
conductivity, the lattice thermal conduc-

tivity, and electrical thermal conductivities, respectively.[11–13] 
S2σ is generally defined as the power factor to estimate the 
overall electrical performance.[14] For typical p-type organic 
thermoelectric thin films, such as PEDOT:PSS, a room-temper-
ature S2σ is generally <3  µW  cm–1  K–2 with a corresponding 
ZT < 0.3.[15] For typical n-type organic thermoelectric thin films, 
such as PEDOT:PSS /CNTs, a room temperature ZT is gener-
ally <0.6.[16]

To overcome the low performance of organic flexible thin-film 
TEDs, high-performance inorganic thermoelectric thin-films are 
increasingly studied. Specifically, both n-type and p-type Bi2Te3-
based thin-films have been reported with room-temperature ZT 
of ≈1.22 and ≈1.5, respectively.[17,18] HgSe-based thin-films have 
also been reported with a room-temperature ZT of ≈0.68.[19] Ron-
gione et  al.[20] further reported the room-temperature ZT value 
as high as ≈1.17 of SnSe-based thin-films. Additionally, high 
room-temperature S2σ as high as 25 µW cm–1 K–2 have also been 
reported in carbon nanotubes.[21] With such high materials perfor-
mance, these inorganic thin-film thermoelectric materials have 
been assembled into flexible TEDs. For example, Kim et  al.[1,22] 
prepared a flexible inorganic thin-film TED, which is composed 
of 72 pairs of p-type Bi0.5Sb1.5Te3 and n-type Bi0.5Te2.7Se0.3 legs 
and realized a high voltage output (Vout) of 693 mV under a tem-
perature difference of 25.6 K. Yang et al.[3] reported a high output 
power (Pout) of 137.5 µW under a temperature difference of 19 K in 

High relative contact electrical resistance and poor flexibility in inorganic 
thin-film thermoelectric devices significantly limit their practical applications. 
To overcome this challenge, a one-step thermal diffusion method to fabri-
cate assembly-free inorganic thin-film thermoelectric devices is developed, 
where the in situ grown electrode delivers an excellent leg-electrode contact, 
leading to high output power and flexibility in the prepared p-type Sb2Te3/n-
type Bi2Te3 thin-film device, which is composed of 8 pairs of p-n junctions. 
Such a device shows a very low relative contact electrical resistance of 7.5% 
and a high power density of 1.42 mW cm–2 under a temperature difference 
of 60 K. Less than 10% change of the whole electrical resistance before and 
after bending test indicates the robust bending resistance and stability of the 
device. This study indicates that the novel assembly-free one-step thermal 
diffusion method can effectively enhance the leg-electrode contact, the device 
thermoelectric performance, bending resistance, and stability, which can 
inspire the development of thin-film thermoelectric devices.
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stretchable Bi2Te3-based flexible thin-film TEDs. However, these 
devices present relative low Pout of <1.0  mW under a tempera-
ture difference of 47.5 K[23] comparing with the bulk counterparts 
(≈0.93 W[24]). One main reason for this relatively lower Pout is the 
high relative contact electrical resistance (Rcont/Rin,exp, Rcont is 
the contact electrical resistance and Rin,exp is measured internal  
electrical resistance) because of the poor contact between the ther-
moelectric legs and electrodes. Yamamuro et al.[25] also prepared 
a flexible n-type Bi2Te3 and p-type Sb2Te3 thin-film TED with the 
Rcont as high as ≈3.4 kΩ, which is ≈30% of the Rtotal. Eom et al.[26] 
also reported the high Rcont/Rin,exp of the flexible thin-film TED 
of ≈15%. The poor leg/electrode contact and high Rcont/Rin,exp 
can intervene the carrier transport and correspondingly  

deteriorate the Pout of TED,[27,28] which severely limits the Pout of 
flexible thin-film TEDs.

To overcome this challenge, we innovatively employ a one-
step thermal diffusion method for the assembly-free fabrication 
of a Bi2Te3-Sb2Te3 thin-film device, as shown in Figure 1. Firstly, 
a top tellurium plate and a bottom Sb/Bi plate are prepared by 
using a masked magnetron sputtering method (Figure  1a,b), 
and then stacked together under external heating and pres-
sure (Figure  1c), aiming to boost the diffusion of Te and the 
formation of Bi2Te3-Sb2Te3 flexible thin-film TED in one step. 
In the subsequent thermal diffusion reaction process, the 
electrode materials form together with the Bi2Te3 and Sb2Te3 
thermoelectric legs as shown in Figure  1d. The in situ grown 

Figure 1. Schematic diagrams of the preparation of Bi2Te3-Sb2Te3 flexible thin-film: a) masked magnetron sputtering process to prepare b) as-designed 
precursor thin-film plates, including the Te plate and the Bi/Sb plate; c) thermal diffusion raction prcoess for Bi2Te3-Sb2Te3 thin-film device prepara-
tion and d) as-grown Bi2Te3-Sb2Te3 thin-film device with a schematic material structure at the joint point between p-type Sb2Te3 and n-type Bi2Te3 legs.  
e) The diagram schematic of the devices. f) The morphology of the electrode across the vertical section. g) Calculated electronic band structures of 
n-type Bi6Te9, p-type Sb6Te9, and (Bi12Sb12)0.5Te9 with corresponding crystal structures.
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electrodes secure good contact bewteen the electrodes and 
thermoelectric legs and achieve low Rcont/Rin,exp. As can be 
seen, Fermi level (EF) of the (Bi0.5Sb0.5)4Te3 electrode lies in 
the conduction band indicating metallic behavior and high 
σ of this material. Meanwhile, Bi2Te3 and Sb2Te3 have shown 
n-type and p-type semiconducting behaviors as the EF locates at 
the band gap close to the conduction band and valence band, 
respectively. Correspondingly, while the EF of different mate-
rials is aligned, the metallic Bi2Sb2Te3 electrodes can effectively 
facilitate the carrier transport. Thus, density funtional theory  
calculation indicates the metal Bi2Sb2Te3 electrodes effec-
tively facilitate the carrier transport within the p-n junctions 
(Figure  1f). Our experimental results demonstrate that the 
in situ grown (Bi0.5Sb0.5)4Te3 electrodes can approach a low 
Rcont/Rin,exp of 7.5%, leading to a high power density (ωmax) of 
1.42 mW cm–2 at a temperature difference (∆T) of ≈60 K in the 
as-fabricated TED that is composed of only 8 pairs of thermoelec-
tric legs. During the >2000 bending cycles the relative electrical 
resistance (∆R/R0, ∆R is the electrical resistance changing with 
bending cycles and R0 is the initial electrical resistance before 
bending) is ranging from 100% to 110%, indicating the robust 
flexibility and stability of the as-fabricated TED.

2. Results and Discussion

Figure 2a shows a photograph of the Bi2Te3-Sb2Te3 flexible thin-
film, prepared by the thermal diffusion method. XRD, SEM-EDS 
and TEM analyses are employed to investigate the structural 

information of the p-type Sb2Te3 leg, n-type Bi2Te3 leg and the 
joint electrodes. Figure  2b shows the material characterization 
results of the p-type Sb2Te3 leg. The XRD pattern (Figure  2b1) 
reveals that only Sb2Te3 phase (JCPDS 15-0874) is existed and 
only Sb and Te are observed in the SEM-EDS maps (Figure 2b2). 
Corresponding HRTEM image clearly shows the lattice can well 
superimpose with the crystal structure of Sb2Te3 and further 
confirmed the high crystallinity. Figure  2c shows the material 
characterization results of the n-type Bi2Te3 leg, where the legs 
are also composed of highly crystallized Bi2Te3 (JCPDS 15-0863) 
without other obvious impurities. Figure  2d shows the XRD 
pattern of the joint electrode area, which shows that they are 
composed of (Bi0.5Sb0.5)4Te3 (JCPDS 72-1838) without obvious 
impurities.

To understand the bending resistance and stability of as-
assembled Bi2Te3-Sb2Te3 thin-film TED, we conducted bending 
test on the Bi2Te3 film, Sb2Te3 film, and Bi2Te3-Sb2Te3 TED as 
shown in Figure 3. And the initial resistances of as-prepared 
Bi2Te3 and Sb2Te3 thin films are ≈225 and ≈75 Ω (the bending 
information as present in Supporting Information). Figure 3a,b 
show the bent and unbent statuses of the Bi2Te3 and Sb2Te3 
thin-films during the bending test. Figure 3c,d show the ∆R/R0 
of the Bi2Te3 and Sb2Te3 thin-films as a function of bending 
cycles and radius. The ∆R/R0 values of both Bi2Te3 and Sb2Te3 
films are <110% even after 2000 bending cycles under a small 
bending radius of 8 mm. When the bending radius is as small 
as 6.5 mm, the ∆R/R0 value are also <110%. The small change 
of ∆R/R0 as a function of both bending cycles and radius dem-
onstrates high bending resistance and stability of as-prepared 

Figure 2. a) Photograph of as-prepared Bi2Te3-Sb2Te3 thin-film device and corresponding characterizations of b) p-type Sb2Te3-legs, c) n-type Bi2Te3-
legs, and d) the joint point between p-type Sb2Te3 and n-type Bi2Te3 legs, where (b1), (c1), and (d) are the XRD patterns, (b2) and (c2) are the SEM-BSE 
images and corresponding EDS maps, (b3) and (c3) are the HRTEM images.
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Bi2Te3 and Sb2Te3 thin-films. Figure 3e,f present the bent and 
unbent statuses of the Bi2Te3-Sb2Te3 thin-film device. It should 
be noted that the samples in looks different in Figure  3e,f 
should be attributed to the change of environment light as the 
photographs are taken at different time. And Figure 3g,h show 
the ∆R/R0 as a function of the bending cycles and bending 
radius. Due to the well connection between the thermoelectric 
legs and the electrodes, the as-prepared Bi2Te3-Sb2Te3 thin-
film device also shows high bending resistance and stability as 
evidenced by the <110% change of ∆R/R0 after 2000 bending 
cycles and under different bending radiuses.

To evaluate the thermoelectric performance of the Bi2Te3-
Sb2Te3 thin-film TED, we firstly measured the thermoelectric 
performance of as-prepared Bi2Te3 and Sb2Te3 thin-films as 
shown in Figure 4a–c. Figure  4a plots the measured tem-
perature-dependent σ of the Bi2Te3 and Sb2Te3 thin-films. 
Within the device test temperature range (from 297 to 357 K), 
the average σ of the Bi2Te3 and Sb2Te3 thin-films is 528 and 
1452  S  cm–1. The corresponding average |S| of the Bi2Te3 and 
Sb2Te3 thin-films is 165 and 105 µV K–1, as shown in Figure 4b. 
Figure 4c shows the carrier concentration (nH for p-type Sb2Te3 
and ne for n-type Bi2Te3)-dependent room-temperature S2σ of 
as-prepared p-type Sb2Te3 and n-type Bi2Te3 thin-films in com-
parison with the SPB model calculated values. The calculation 
process of the SPB model is shown in Equations (S1)–(S5) 
(Supporting Information). As can be seen, with the nH or ne 
close to the optimal level (≈1 ×  1019 cm–3). The room-tempera-
ture S2σ of the p-type Sb2Te3 and n-type Bi2Te3 has approached 

16.59 and 14.58  µW  cm–1  K–2, respectively, which are close to 
the maximum values and demonstrate high thermoelectric 
performance.

To evaluate the overall thermoelectric performance of as-
prepared Bi2Te3-Sb2Te3 thin-film TED, we further measured the 
device performance, as shown in Figure  4d–h. Figure  4d shows 
the internal resistance (Rin) by comparing the theoretical values 
(Rin,theor) of the Bi2Te3-Sb2Te3 thin-film TED with the Rin,exp of 
three repeatedly prepared Bi2Te3-Sb2Te3 thin-film TEDs. As can 
be seen, the Rin,exp values of as-prepared Bi2Te3-Sb2Te3 thin-film 
TEDs are closely consistent of ≈2398 Ω, which is slightly higher 
than the Rin,theor (2230  Ω) due to additional contact electrical 
resistance (Rcont). Figure 4e shows the open-circuit voltage (Voc) by 
comparing the measured values (Voc,exp) with the theoretical values 
(Voc,theor) when the temperature difference (∆T) ranges from 10 to 
60 K under the cold-site temperature (Tcold) of 300 K. As can be 
seen, the Voc increases significantly with increasing the tempera-
ture difference and the Voc,exp is slightly higher than the Voc,theor, 
which is possibly due to non-linear temperature gradient.[29] With 
increasing the temperature difference to as high as 60 K, the Voc,exp 
approaches as high as 140 mV. Figure 4f plots the Rcont/Rin,exp of 
the Bi2Te3-Sb2Te3 thin-film TED in this study with others.[25,26,30–39] 
As can be seen, our relative contact electrical resistance (the cal-
culation process as presented in Supporting Information) is only 
at ≈7.5%, indicating that our in situ electrode growth can signifi-
cantly enhance the contact between the thermoeletric legs and 
electrodes. The inset of Figure 4f shows a photograph, which dis-
plays the application of as-prepared Bi2Te3-Sb2Te3 thin-film TED 

Figure 3. Photograph of the Bi2Te3 and Sb2Te3 film bending test process, where a) is a flat film and b) is a bent film on the bending platform, respectively. 
Film bending test results, where c) is the ∆R/R0 as a function of bending cycles under the bending radius of 8 mm, and d) is the ∆R/R0 as a function of 
bending radius under the bending cycles of 800. Photograph of the Bi2Te3-Sb2Te3 thin-film device bending test process, where e) is the flat device and 
f) is the bent device on the bending platform, respectively. Device bending test results, where g) is the ∆R/R0 as a function of bending cycles under the 
bending radius of 17 mm, and h) is the ∆R/R0 as a function of bending radius under the bending cycles of 800.
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for wearable power generation utilizing the temperature difference 
between human body and the ambient environment. When used 
as wearable power generator, the maximum Voc is 6.8 mV under 
a temperature difference of ≈5 K. Figure 4g presents the Vout and 
the Pout of the Bi2Te3-Sb2Te3 thin-film TED as a function of current  

(I) under various temperature difference. With increasing the tem-
perature difference, the maximum Pout and corresponding Vout 
and I increase. Here, the maximum Pout can approach as high as 
≈2000  nW under the temperature difference of 60  K. Figure  4h 
shows corresponding maximum ωmax, which approaches as high 

Figure 4. Measured thermoelectric performance of as-prepared Bi2Te3 and Sb2Te3 thin-films, where a) is the σ as a function of temperture, b) is the 
|S| as a function of temperature, and c) is the room-temperature S2σ as a function of nH (for p-type Sb2Te3) or ne (for n-type Bi2Te3). d) Repeatedly 
measured room-temperature Rin of as-prepared Bi2Te3-Sb2Te3 flexible device in comparison with the theoretical value. e) Measured Voc 140 mV of 
as-prepared Bi2Te3-Sb2Te3 flexible device in comparison with the theoretical values under different hot-cold side temperature differences, where the cold-
side temperature is 300 K. f) Comparison between the Rcont/Rin,exp of as-prepared Bi2Te3-Sb2Te3 thin-film device in this study with others,[25,26,30–39] and 
inset is the photograph of applying as-prepared Bi2Te3-Sb2Te3 thin-film device for wearable power generating. g) Measured Vout and Pout of as-prepared 
Bi2Te3-Sb2Te3 thin-film device as a function of I under different hot-colde side temperature differences. h) Evaluated ωmax of as-prepared Bi2Te3-Sb2Te3 
thin-film device in comparison with other state-of-art flexbiel thin-film TEDs.[15,37,40–45]

Adv. Energy Mater. 2022, 12, 2202731
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as 1.420  mW  cm–2 under the temperature difference of 60  K, 
which is higher than other state-of-art thin-film-based flexible 
TEDs, including Bi2Te3,[37] Bi2Te3/Sb2Te3,[15] Ag2Se,[40] Ag2Se/Ag/
CuAgSe,[41] PEDOT:PSS/Cu2Se,[42] C60/TiS2,[43] TiS2/organic-[44] 
and Polyvinylpyrrolidone/Ag/Ag2Te[45]-based TEDs.

3. Conclusion

In summary, we have successfully prepared an entire flexible 
Bi2Te3-Sb2Te3 thin-film-based TED on polyimide substrates by 
using an assembly-free one-step thermal diffusion process. 
During this process, the in situ grown electrode together with 
the highly crystallized Sb2Te3 and Bi2Te3 thermoelectric legs 
secures good contact between the electrodes and the thermo-
electric legs in the as-fabricated TED, composed of 8 pairs of 
p-n junctions. The as-fabricated TED shows a very low Rcont 
of ≈7.5% of the Rin,exp, high Voc of ≈129 mV, and high ωmax of 
1.42  mW  cm–2 under a ∆T of 60  K. Our study indicates that 
thermal diffusion method can contribute to ultralow Rcont/Rin,exp  
and boost the development of highly flexible high-performance 
fully inorganic Bi2Te3-Sb2Te3 thin-film-based TEDs.
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