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S1. Preparation of BiosSbisTeso/epoxy films

In this study, a series of p-type BiosShisTeso/epoxy (BST/EP) films with {0001} preferential orientation was
prepared on insulating polyimide (PI) substrates by combining screen-printing and SPS techniques according to
SFig. 1. Firstly, the BST/EP slurries were prepared and ultrasonically dispersed to make uniform, and the through-
holes were made on the PI substrate by laser etching technology. Secondly, the BST/EP slurries were screen-
printed onto the porous PI substrates, and then the films were engraved into circles with a diameter of 25 mm by
laser etching technology after drying. Finally, the circular films were placed in SPS mould and sintered to yield
compact BST/EP films, which was labeled as MB-BST/EP. To better compare the effect of substrates with or
without through-holes on the properties of the BST/EP films, an extra sample of BST/EP film printed on PI
substrates without through-holes was sintered by SPS at the same sintering conditions in this work, which was

labeled as C-BST/EP.
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Supplementary Fig. 1. Schematic illustration of preparing BST/EP films.
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S2. Transport measurement of BST/EP films
The orientation factors (F) of {0001} preferential orientation for all the BST/EP films were calculated with
Lotgering's method*

F(X)=(P-P)/(1-Po) (S1)

P=SI(X)/ZI(hkil)  Po=Zlo(X)/lo(hkil) (S2)
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where ZI(X), ZIo(X), ZI(hkil), and Zlo(hkil) are the sums of the intensities of the X and (hkil) reflections for the
oriented sample and the non-oriented one, respectively; P and Po are the ratios of the sums for the oriented sample

and the non-oriented one, respectively.

The thickness of the BST/EP films were obtained from backscattered electron images by EPMA. The
detailed samples preparation and testing methods were shown in SFig. 2. The samples preparation for
EPMA was shown in SFig. 2a. Firstly, the BST/EP films were secured to the microscope cover glass by
double-sided tape. Secondly, the cold mounting agent was mixed evenly, and the cold mounting agent
was composed of 2 g powdered epoxy resin and 1.6 g liquid curing agent. Thirdly, the evenly cold
mounting agent were poured into the silicone plastic cold mounting mold with an inner diameter of 20
mm, then the microscope cover glass was vertically placed with the BST/EP films into the cold mounting
mold with cold mounting agent, the microscope cover glass was secured by toothpicks, and then let the
cold mounting mold stand at room temperature for 2 h to wait for the cold mounting agent to cure. Lastly,
the mounted samples were obtained by stripping the cold mounting mold, and the mounted samples
were polished to obtain the samples for EPMA.

To obtain the thickness of the BST/EP films more accurately, the samples for EPMA was sprayed
with a layer of carbon about 15 nm before the test. The thickness of MB-BST/EP film was obtained
from EPMA by using backscattered electron images as shown in SFig. 2b-c. The gray-white contrast
was BST as shown in SFig. 2b. It could be clearly seen that part of the BST in the MB-BST/EP film
had entered the through hole of the PI substrate, and the distance between the right edge of the through
hole and the left edge of the next through hole was about 1167 pum. The thickness of each part of the
MB-BST/EP film cross-section were 100 um, 108 pum, 120 pm, 125 um, 130 pm, 120 pm, 120 pum, 120
pm, 123 pm, 128 pm, 130 pm, 135 um, and 138 pum, respectively. It could also be clearly seen that the
thickness of MB-BST/EP film near the through-hole were 135 pm and 140 pm, respectively, the
thickness of BST including the through-hole thickness was about 244 um, and the width of the through-
hole was about 343 um as shown in SFig. 2c. The weighted average thickness of the MB-BST/EP film

was about 139.38 um by counting the thickness of each part of the MB-BST/EP film cross-section,

including the through-hole thickness data and the non-through hole thickness data. Therefore, the

thickness data used in the measurement of the electrical and thermal transport properties of the BST/EP

3



films was 139 um. Moreover, the BST contact of the cross-section of the MB-BST/EP film was closed
as shown in SFig. 2c, and there were almost no pores in the cross-section of the MB-BST/EP film, which

is beneficial to the excellent electrical transport properties.
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Supplementary Fig. 2 The samples preparation for EPMA and microstructures of MB-BST/EP film from
EPMA. (a) The samples preparation for EPMA. (b) Backscattered electron images of a polished cross section of
the MB-BST/EP film and (c) the magnification backscattered electron images of a polished cross section of the
MB-BST/EP film obtained by EPMA.

To figure out the reasons for the changes in electrical transport properties induced by MB-SPS, traditional van
der Pauw Hall measurement method was performed. Firstly, the slopes kn of C-BST/EP film and MB-BST/EP
film were measured at 300 K with the Van der Pauw method under a fixed current (i =10 mA) at 1.0 Tesla (T).
Secondly, the Ru of all the samples were calculated with the formula Ru = knd/(iuo), where d is the thickness of
samples and uo is the vacuum permeability (Ho = 4nx1077 V-s-Al-m1). Lastly, the carrier concentration (p) and
carrier mobility («) were calculated according to the equations p = 1/(eRn) and u=cRn, Where e is the electron
charge (e =1.6 x 10'° C), ¢ is electrical conductivity.

The Seebeck coefficient (&) and electrical conductivity () were measured simultaneously using a standard four-
probe method (CTA-3, Beijing Cryoall Science and Technology Co., Ltd., Beijing, China) in helium atmosphere
from 300 K to 500 K. The principle of the standard four-probe test method and the test details of CTA-3 were

shown in SFig. 3. The test accessories of CTA-3 for film sample was shown in SFig. 3a. The fixture consists of
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two 316 stainless steel chucks and a silicon chip. The film sample with size of 3.8x14.0x0.139 mm? is placed on
the silicon chip with size of 4.0x14.0 mm?, and both ends of the film sample are clamped with a chuck. The
assembled film sample is shown in SFig. 3b. Then the assembled film is put into the test system (the inset in SFig.
3c). The physical image after correctly placing the sample is shown in SFig. 3d. The fixture can ensure the 0.06
mm films be measured reliably with such a system. The detail test procedure and principle are as follows.

The assembled film sample is placed vertically between the upper and lower electrodes. The constant current
I is applied at both ends of the sample as the overall temperature of the sample is evenly distributed. The voltage
V is recorded at the same time as shown in SFig. 3c. If the spacing of the lateral probe is L and the horizontal cross
section of the test sample is S, the o of the material can be calculated by ¢ = IL/VS. Unlike ¢ tests of other materials,
the o test of thermoelectric materials will be inaccurate since the Seebeck effect will produce a more obvious
additional voltage, so it will be tested three times to eliminate the error caused by the additional effect. The low
end of the sample will be heated by the secondary heater, and the voltage difference (AV) and temperature
difference (AT) between the two contact points with be detected by the two contact points. The « of the sample

can be calculated according to the definition a = AV/AT. Uncertainties are + 5-7% for o and about £ 5% for a.
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Supplementary Fig. 3 The test schematic of the electrical transport performance of the all BST/EP films.
(a) The test accessories for film samples. (b) The image of assembled film sample. (c) The sketch map of CTA-3
measurement system. (d) The actual test image of film sample. The inset in (c) show the actual test system of

CTA-3.



To explore the degree of uniformity of the microstructure and electrical transport performance of BST/EP films,
three areas with the same size (3.8x14.0 mm) were etched by laser from the edge to the center of C-BST/EP film
and MB-BST/EP film with diameters of 25 mm as shown in SFig. 4a, respectively. The electrical transport
properties were tested by CTA-3. The MB-BST/EP film have a worth record power factor (PF) o of 2.47 at 300

K as shown in SFig. 5, which is more than all the room-temperature a2 values of TE films reported by different

groups.
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Supplementary Fig. 4 The electrical transport properties of the C-BST/EP film and MB-BST/EP film. (a)

Schematic diagram of the sampling methods; The temperature dependence of (b) Lorentz number L, where the L
was used to calculate the carrier thermal conductivity xc from the Wiedemann-Franz law xc=LoT; (c) The power

factor (PF) difference ratio of the C-BST/EP film and MB-BST/EP film.
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Supplementary Fig. 5 The room temperature PF values of TE films from different groups?2

The in-plane thermal conductivity « of all the MFEs/BST/epoxy flexible films was calculated with the formula
x=p-D-Cp, where p is the density, D is the in-plane thermal diffusivity, and C, is specific heat capacity. The in-

plane thermal diffusivity D was measured by a laser flash method (LFA467, NETZSCH). The in-plane D of



samples composed with very thin TE films and substrates will be seriously affected by the substrates because it is
hardly to separate the TE films from the substrates without destroying the TE films. There are some differences
between the BST/EP films and polyimide (PI) substrates. Therefore, our samples with about @ 22 mm for
measuring the in-plane D are free-standing BST/EP films with about 220 um in thickness, which were prepared
by repeatedly screen-printing until 8 times and then exfoliated the PI substrates with low D. Although the D of
thick films are usually higher than those of thin films, our method can successfully avoid the problem of
overestimating the zT value of thin films in some published papers. At the same time, to further evaluate the D and
ZT value of the BST/EP films more accurately, the in-plane D of a polished surface BST/EP film with about 139
um in thickness and the PI substrate was also tested.

The measuring mold for the out-of-plane D and the in-plane D was shown in SFig. 6a-b. The out-of-plane D
test method and principle of the laser flash method are as follows: the sample with a thickness of L is placed on
the sample holder, and after reaching stability at a certain set temperature T, a laser pulse is emitted to the lower
surface of the sample, and the temperature of the lower surface rises instantaneously. Under the action of
temperature gradient, the heat energy diffuses from the lower table of the sample to the upper surface, the
temperature change on the upper surface of the sample can be detected by the infrared detector as shown in SFig.
6c, and the corresponding signal intensity change curve over time t is obtained. The out-of-plane D of sample is
determined by the parker-formula®? (D= 0.1388xL?/tos, where L is the thickness of the test sample, tos is the time
required for the upper surface to reach half of the maximum temperature rise.). Different from measuring the out-
of-plane D (SFig. 6¢), during the measuring of the in-plane D, the bottom of the sample first receives laser pulse
irradiation (a circle about 5 mm in the center), and then the sample temperature signal reaches the detector through
the four-ring at the mask, and lastly the temperature signal along the in-plane direction is measured (SFig. 6d) and
the in-plane D is obtained with the measurement error about 5%. For different film materials, the different
calculation models need to be chosen. For BST/EP films with the anisotropic texture, after the center of the lower
surface of the sample is irradiated, the heat will transfer to the horizontal and vertical directions at the same time,
to obtain accurate test result of the in-plane D, the vertical D needs to be corrected as follows: 1) Measuring the
in-plane and out-of-plane D of the film sample by placing one film sample with about @ 22 mm on the in-plane
measuring setup as shown in SFig. 6d, and another film sample with about @ 12.7 mm on the out-of-plane
measuring setup as shown in SFig. 6¢; 2) Saving the D in the vertical direction in the analysis software. According
to the “Anisotropy” model, in which the D from the z-axis (out-of-plane) differs compared to the D in the x/y-
plane (in-plane), the solution is given as the product of two components, axial and radial, as expressed in the

following formula:%
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All the mathematical parameters used in the “Anisotropy” model are listed in STable 1. According to the
measured results of in-plane (6 (x",t")) and out-of-plane (6, (x",t")), the accurate in-plane D k (6,(t")) of BST/EP
films can be obtained. The system error of the measurement mainly depends on the thermal property and thickness
of the film. The lower the thermal conductivity of the film is, the greater the measurement error is; and the thicker
the film is, the smaller the measurement error is. Therefore, to obtain accurate in-plane D, the out-of-plane thermal

transfer needs to be corrected.

STable 1 All the mathematical parameters used in the “Anisotropy” model

Short cut Description

D Thermal diffusivity
Thermal conductivity
Sample’s thickness

R Sample's radius

= (h 2) 121 Corresponding Biot number

o Beam ratio

a Detection area

J Sensitivity matric

B Positive roots of (transcendental equation): tan(f) = ﬁ%ﬁﬁf
Y Positive roots of (transcendental equation): y- J1(y) =BirR Jo(y)
X*=x/L Dimensionless parameter

O =RIL Dimensionless parameter

t*=a-t/L? Dimensionless parameter
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Supplementary Fig. 6 Schematic plot for measuring the in-plain thermal diffusivity D of all the BST/EP
films. The actual measuring mold figure for (a) the out-plane D and (b) the in-plane D. The measuring setup for
(d) the out-of-plane D and (e) the in-plane D.

The details of room temperature thermal property of free-standing C-BST/EP film and MB-BST/EP film without
insulating PI substrates are listed in STable 2. The details of room temperature thermal property of the C-BST/EP
film and MB-BST/EP film with insulating PI substrates are listed in STable 3. To further evaluate the D and ZT
value of the BST/EP films more accurately, the in-plane D of a polished surface BST/EP film with thickness about
139 um and the PI substrate was also tested. The temperature dependence of the in-plane thermal conductivity «,
carrier thermal conductivity «c, lattice thermal conductivity x., and ZT of C-BST/EP film and MB-BST/EP film
with Pl substrate were shown in SFig. 7, respectively. The « of all samples first decreases and then increases with
increasing temperature as shown in SFig. 7a. The decrease in x is due to the increase of lattice vibration, and the
increase in the « is due to intrinsic excitation. The xc of all samples increases with increasing temperature due to
the increased o of all samples as shown in SFig. 7b. The xc of the MB-BST/EP film is significantly higher
compared with that of the C-BST/EP film. This is attributed to the remarkable increase of & of MB-BST/EP film
(Fig. 5a). The xv of all samples was calculated by the k. = x - xc. The x. shows the same trend as x with increasing
temperature because the contribution of xc to « is small as shown in SFig. 7c. The « of the MB-BST/EP film is

significantly lower compared with that of the C-BST/EP film as shown in SFig. 7a. The decrease of the x is



attributed to the remarkable decrease of the . induced by MB-SPS (SFig. 7c). The decrease of the «. is attributed
to the increase of the DL stacking faults induced by MB-SPS (Fig. 4b). The calculated zT values, based on these
measured o, x and a of area3, increased induced by MB-SPS (SFig. 7d). The maximum zT is about 1.38 at 340 K
for MB-BST/EP film with Pl substrate, increased by 2.0 times as compared with that of the C-BST/EP film with
P1 substrate, which is more than all the zT values of organic/inorganic composite TE films reported by different

groups as shown in SFig. 8.

STable 2 The room temperature thermal properties of free-standing the C-BST/EP film and MB-BST/EP film

without insulating PI substrates.

Density p  Specific heat capacity C,  Thermal diffusivity D Thermal conductivity k

Samples T
(g-em™) (Jg*tK?) (mm?s™) (Wm K)

C-BST/EP 6.0300 0.2479 0.7103 1.0620 0.44

MB-BST/EP  6.3105 0.2708 0.5376 0.9188 0.81

STable 3 The room temperature thermal properties of the C-BST/EP film and MB-BST/EP film with insulating

Pl substrates.

Density p  Specific heat capacity C,  Thermal diffusivity D Thermal conductivity k

Samples T
(g-em™) (Jg*K?) (mm?s™) (Wm K)

C-BST/EP 6.0300 0.2479 0.5204 0.7780 0.59

MB-BST/EP  6.3105 0.2708 0.3698 0.6320 1.17
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Supplementary Fig. 7 Thermal transport properties and zT of C-BST/EP film and MB-BST/EP film with
P1 substrate. Temperature dependence of (a) thermal conductivity «, (b) carrier thermal conductivity xc, (c)

lattice thermal conductivity xi, and (d) zT of the BST/EP films with PI substrate at same area.
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S3. Effect of uniaxial stress

A series of MB-BST/EP films are prepared under different uniaxial stress of 10 MPa, 15 MPa, 20 MPa, 25 MPa,
and 30 MPa. The temperature dependence of o, Seebeck coefficient « and a?s of MB-BST/EP films are shown in
SFig. 9a-c, respectively. The o of all samples first decreases and then increases as the temperature increases,
exhibiting a typical metal-like nature or degenerate semiconductor behavior, and it gradually increases due to
intrinsic excitation.®® The ¢ first gradually increases and then decreases as uniaxial stress increases. The maximum
o reaches 4.39 x 10* S-m™ at 300 K for the MB-BST/EP film under a uniaxial stress of 20 MPa, increased by 1.8
times compared with that of the MB-BST/EP film under a uniaxial stress of 10 MPa. The magnitude of a of MB-
BST/EP films gradually decreases with temperature as shown in SFig. 9b. The decrease of « in the high
temperature range is due to the intrinsic excitation.>® Regardless of the temperature, the magnitude of « is almost
unchanged as the uniaxial stress increases. The a?c values of all the MB-BST/EP films are calculated as shown in
SFig. 9c. The oo values of all samples decrease with increasing temperature. At the same time, the o values
first increase and then decrease as uniaxial stress increases. The maximum o2¢ value reaches 2.50 mW-K2-m? at
300 K for the MB-BST/EP film under a uniaxial stress of 20 MPa, increased by 83% compared with that of the
MB-BST/EP film under a uniaxial stress of 10 MPa. As a result, the optimum uniaxial stress for the MB-BST/EP

films preparation is 20 MPa.
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Supplementary Fig. 9 Electrical properties of MB-BST/EP films under different uniaxial stress.
Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, and (c) PF of the MB-BST/EP

films under different uniaxial stress.

S4. Effect of holding time

The effect of holding time during MB-SPS was investigated while keeping the heating rate of 9 K/min, peak
sintering temperature of 573 K, and uniaxial pressure of 20 MPa. The temperature dependence of ¢, a and a%s of
MB-BST/EP films under different holding time are shown in SFig. 10a-c, respectively. The ¢ first gradually

increases and then decreases as the holding time increases. The maximum o reaches 4.39x10* S-m™ at 300 K for
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MB-BST/EP film under a holding time of 10 min, increased by 1.6 times compared with that of MB-BST/EP film
under a holding time of 5 min. The remarkable increases of the ¢ for the MB-BST/EP film under a holding time
of 10 min are attributed to the grain growth and re-orientation induced by the holding time increases.® 37 The
remarkable decreases of the ¢ for the MB-BST/EP film under a holding time of 15 min are attributed to the slip
and fracture of the layered BST particles induced by the longer holding time.®® The magnitude of « of MB-BST/EP
films under different holding time are shown in SFig. 10b. Regardless of the temperature, the magnitude of « first
gradually slightly increases and then slightly decreases as the holding time increases. The maximum o at 300 K
for MB-BST/EP film is realized under a holding time of 10 min. The o2c values of all the MB-BST/EP films under
different holding time are calculated as shown in SFig. 10c. The a?c values first increase and then decrease as
holding time increases. The maximum a?¢ of MB-BST/EP film under a holding time of 10 min. As a result, the

optimum holding time for the MB-BST/EP films preparation is 10 min.
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Supplementary Fig. 10 Electrical properties of MB-BST/EP films under different holding time.
Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, and (c) PF of the MB-BST/EP

films under different holding time.

S5. Effect of peak sintering temperature

The effect of peak sintering temperature during MB-SPS was investigated while keeping the heating rate of 9
K/min, holding time of 10 min, and uniaxial pressure of 20 MPa. The temperature dependence of ¢, « and o?c of
MB-BST/EP films under different peak sintering temperature is shown in SFig. 11a-c, respectively. The o first
gradually increases and then decreases as the peak sintering temperature increases. The maximum ¢ at 300 K for
MB-BST/EP film is realized under peak sintering temperature of 573 K, increased by 1.4 times compared with
that of MB-BST/EP film under peak sintering temperature of 553 K. The remarkable increases of the & for the
MB-BST/EP film under peak sintering temperature of 573 K are attributed to the grain growth and re-orientation
induced by the higher peak sintering temperature.® 3" The remarkable decreases of the ¢ for the MB-BST/EP film
under peak sintering temperature of 593 K are attributed to lower p induced by the rapidly increasing defect of

anionic vacancy V. and €' induced by the donor-like effect from the higher peak sintering temperature.®® The
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magnitude of a of MB-BST/EP films under different peak sintering temperature are shown in SFig. 11b.
Regardless of the temperature, the magnitude of o gradually increases as the peak sintering temperature increases.
The increases of the a for the MB-BST/EP film are attributed to lower p. The o values of all the MB-BST/EP
films under different peak sintering temperature are calculated as shown in SFig. 11c. The o%s values first increase
and then decrease as peak sintering temperature increases, and the o?c values of BST/EP films are similar under
573 K and 593 K, but the BST/EP film is easily broken under 593 K. Therefore, the optimum peak sintering

temperature for the MB-BST/EP films preparation is 573 K.
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Supplementary Fig. 11 Electrical properties of MB-BST/EP films under different peak sintering
temperature. Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, and (c) PF of the

MB-BST/EP films under different peak sintering temperature.

S6. Effect of heating rate during MB-SPS

The effect of heating rate during MB-SPS was investigated while keeping the same peak sintering temperature
of 573 K, holding time of 10 min, and uniaxial pressure of 20 MPa. The temperature dependence of ¢, a and a?c
of MB-BST/EP films under different heating rates is shown in SFig. 12a-c, respectively. The ¢ gradually decreases
as the heating rate increases. The maximum ¢ at 300 K for MB-BST/EP film under the heating rate of 6 K/min,
increased by 2.6 times compared with that of MB-BST/EP film under the heating rate of 27 K/min. The remarkable
decreases of the ¢ for the MB-BST/EP film are attributed to the layered BST particles cannot grow adequately
induced by the rapidly increased heating rate.® “° The magnitude of & of MB-BST/EP films under different heating
rates is shown in SFig. 12b. Regardless of the temperature, the magnitude of a first gradually decreases as the
heating rate increases. The decreases of the o for the MB-BST/EP film are attributed to the increases in the gap
between the layered BST particles. The o2 values of all the MB-BST/EP films under different heating rates are
calculated as shown in SFig. 12c. The o?c values decrease as the heating rate increases, and the a?c values of
BST/EP films are similar under 6 K/min and 9 K/min. Therefore, the optimum heating rate for the MB-BST/EP

films preparation is less than 9 K/min.
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Supplementary Fig. 12 Electrical properties of MB-BST/EP films under different heating rates.
Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, and (c) PF of the MB-BST/EP

films under different heating rates.

S7. Flexibility testing of MB-BST/EP film device

In this study, the polyimide (PI) substrate is flexible, and the Pl substrate still has good flexibility after laser
etching through-holes as shown in SFig. 13a. To test whether the MB-SPS method described in this study can
prepare a strong oriented MB-BST/EP film with flexibility, we have evaluated the flexibility of the MB-BST/EP
film device through testing the ratio of resistances (R/Ro) depending on bending radius and bending cycles by the
flexible material and device testing system (FlexTest-TM-L) as shown in SFig. 13b-c. As shown in SFig. 13b, the
internal resistance (R) was almost unchanged when the bending radius gradually decreased from 20 mm to 13 mm
while it started to rapidly increase when the bending radius decreased from 13 mm to 10 mm. The TE leg was
cracked when the bending radius was less than 13 mm. To further investigate the flexibility of the single-leg device,
the R is measured during the cycling bending test under the condition of bending radius 13 mm. After 2000 bending
cycles, the R only rises by about 8.68% as shown in SFig. 13c. These bending test results demonstrate the great
application potential of flexible BiosSb1sTes-based films. Therefore, the MB-SPS method described in this study

can prepare a strong oriented MB-BST/EP film with flexibility.
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Supplementary Fig. 13 Flexibility of Pl substrate and MB-BST/EP film device. (a) Photographs of the

flexible PI substrate, (b) R/Ro dependent bending radius, (c) R/Ro dependent bending cycles.
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