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Calculation Details

First-principles calculations: First-principles calculations were performed based on density-
functional theory (DFT) with the all-electron projected augmented wave (PAW) method, as
implemented in the Vienna Ab initio Simulation Package (VASP) 1. Semi-local generalized gradient
approximation (GGA) with the fully relativistic Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional was employed . The valence wave functions were expanded on a plan-wave basis with a
cut-off energy of 450 eV. All atoms were allowed to relax in their geometric optimizations, with a
convergence criterion of 110 7 eV per electron and 1102 eV A per unit cell. The Brillouin zone
was sampled by a Monkhorst-Pack k-mesh spanning less than 0.06/A3 for structural relaxation, and a
denser k-mesh spanning less than 0.03/A3 for calculating static self-consistency and density-of-state
(DOS). The electron band structures were calculated along the line-mode k-path based on Brillouin
path features indicated by the AFLOW framework 8. To precisely predict bandgap, the Hubbard U
model was considered; The on-site coulombic (U) and the exchange (J) terms were determined using

a linear corresponding method.

SPB modeling: There are >12:
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where 7 is the reduced Fermi level, kg is the Boltzmann constant, r is the carrier scattering factor (r =

—1/2 for acoustic phonon scattering), Ry is the Hall coefficient, C, is the elastic constant for

longitudinal vibrations, and Eqer is the deformation potential coefficient, respectively. There is %12

Ci = vi2d (S1-5)

The longitudinal velocity vy is derived from the reference **%°, Fi(z) is the Fermi integral, expressed

as %12

Fi() = [ —a= dx (S1-6)
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Supplementary Fig. 1 Calculated band structure of CeCo4Sba..
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Supplementary Fig. 2 Schematic diagram of fabrication process of thin-film thermoelectric materials
and devices. (a) Self-made CexFesCoShi»-based pulse laser deposition (PLD) target (x = 0.25, 0.50,
0.75, 1.25, and 1.50) prepared based on the temperature gradient zone melting (TGZM) effect 1°. (b)
Ilustration of the PLD process. (c) lllustration of the growth process of CexFe3CoShi2-based thin films.
(d) Schematic diagram of the prepared flexible CexFe3CoShiz-based thermoelectric thin films. (e)
Schematic diagram of the thermoelectric device made from the flexible CexFesCoSbi2-based

thermoelectric thin films.
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Supplementary Fig. 3 Detailed information on the polyimide (PI) films used as the flexible supporting

substrates for all CexFesCoShi2-based thin films (x = 0.25, 0.50, 0.75, 1.25, and 1.50) in this work.
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Supplementary Fig. 4 Photos of skutterudite thin films before and after deposition and the bending

state of the films. (a-b) Photographs of PI substrates and p-type Ce1.25sFesCoSbi2 skutterudite thin films

on the substrates from top views. (c-d) Schematic diagrams depicting films of various sizes that can

be bent.
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Supplementary Fig. 5 The surface morphology and composition of Ce1.25Fe3CoSbi2 skutterudite thin
film. (a) Enlarged version of the original scanning electron microscopy (SEM) image of
Ce1.25Fe3CoShi, skutterudite thin film from a top view. (b) Corresponding energy dispersive X-ray

spectrometry (EDS) result.
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Supplementary Fig. 6 The surface morphology and composition of Ceg 2sFe3CoShbi. skutterudite thin
film. (&) SEM image of Ceg.osFesCoShi2 skutterudite thin film from a top view and corresponding EDS

maps for Sb, Co, Fe, and Ce. (b) Corresponding EDS composition results taken from the EDS maps.
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Supplementary Fig. 7 The surface morphology and composition of Ceg soFe3CoShb1. skutterudite thin
film. (a) SEM image of Ceo soFesCoShi skutterudite thin film from a top view and corresponding EDS

maps for Sh, Co, Fe, and Ce. (b) Corresponding EDS composition results taken from the EDS maps.
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Supplementary Fig. 8 The surface morphology and composition of Ceg 7sFe3CoSbi2 skutterudite thin
film. (a) SEM image of Ceo.7sFe3CoSh1 skutterudite thin film from a top view and corresponding EDS

maps for Sh, Co, Fe, and Ce. (b) Corresponding EDS composition results taken from the EDS maps.
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Supplementary Fig. 9 The surface morphology and composition of Ce1 soFe3CoShi. skutterudite thin
film. (a) SEM image of Ce1soFe3CoSh12 skutterudite thin film from a top view and corresponding EDS

maps for Sb, Co, Fe, and Ce. (b) Corresponding EDS composition results taken from the EDS maps.
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Supplementary Fig. 10 Atomic force microscopy (AFM) images of CexFe3CoSb1. thin films. (a) x =

0.25, (b) x = 0.50, (c) x = 0.75, and (d) x = 1.50.
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Supplementary Fig. 11 SEM images of CexFesCoSbi» thin films from cross-sectional views. (a) x =

0.25, (b) x=0.50, (c) x = 0.75, and (d) x = 1.50.

14



a [:aaoe

WBH re Co Ce

Supplementary Fig. 12 The microstructure and composition of Ces 2sFesCoSb1. skutterudite thin film.
(a) Transmission electron microscopy (TEM) high-angle annular dark-field (HAADF) image of the

Ce1.25Fe3CoShsz thin film and (b) corresponding EDS map for overlapping elements.
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Supplementary Fig. 13 Detailed EDS spot result for #1 taken from Fig. 3a.
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Supplementary Fig. 14 Detailed EDS spot result for #2 taken from Fig. 3a.

17



50
. Spectra from Area #1

40 + Spectrum
3 30 #3
=
2
§ 20 —
£ Co-

10 5§ Co-Ka

Ce-LB Fe-KB
0_. 11 li\!_‘lLl:vl i ’L;“-, 1JLL]_1'|
0 5 10 15 20

Energy (keV)

Element Famnl)dAtomlc Fraction (%) |Atomic Error (%) |Mass Fraction (%) |Mass Error (%) l Fit error (%)
Fe 8.10 1.68 416 0.67 11.24

Co 12.58 .84 6.81 |1.25 ls.18
Sb 77.79 15.24 87.06 12.71 [1.12
Ce L Jn53 0.57 1.97 10.69 132.59

Supplementary Fig. 15 Detailed EDS spot result for #3 taken from Fig. 3a.
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Supplementary Fig. 16 Detailed EDS spot result for #4 taken from Fig. 3a.
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Supplementary Fig. 17 Detailed EDS spot result for #5 taken from Fig. 3a.
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Supplementary Fig. 18 Detailed EDS spot result for #6 taken from Fig. 3a.
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Supplementary Fig. 19 Detailed EDS spot result for #7 taken from Fig. 3a.
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Supplementary Fig. 20 Detailed EDS spot result for #8 taken from Fig. 3a.
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Supplementary Fig. 21 Detailed EDS spot result for #9 taken from Fig. 3a.
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Supplementary Fig. 22 Detailed EDS spot result for #10 taken from Fig. 3a.
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Supplementary Fig. 23 Detailed EDS spot result for #11 taken from Fig. 3a.
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Supplementary Fig. 24 Detailed EDS spot result for #12 taken from Fig. 3a.
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Supplementary Fig. 25 Detailed EDS spot result for #13 taken from Fig. 3a.
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Supplementary Fig. 26 Detailed EDS spot result for #14 taken from Fig. 3a.
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Supplementary Fig. 27 Determined atomic contents of the thin film. Atomic contents of (a) Ce, (b)

Co, (c) Fe, and (d) Sb obtained within different EDS spot regions in Fig. 3a.
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Supplementary Fig. 28 The microstructure and composition of Ce1 25sFesCoSb1 skutterudite thin film.
(a) Low-magnification TEM image of a fragment taken from the Ce12sFesCoShi. flexible thin film.

(b) TEM image magnified from a and (c) corresponding EDS maps for Sb, Co, Fe, and Ce.
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Supplementary Fig. 29 The microstructure and composition of Ces 25sFesCoShi skutterudite thin film.
(a) HAADF and (b) bright-field (BF) TEM images of a fragment taken from the Ce1.2sFesCoShi2

flexible thin film. (c) Corresponding EDS maps for Co, Sb, Fe, and Ce.
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Supplementary Fig. 30 The microstructure and composition of Ce1 25sFesCoSb1 skutterudite thin film.
(a) HAADF and (b) BF TEM images of a fragment taken from the Ce1.25Fe3CoShi2 flexible thin film.

(c) Corresponding EDS maps for Co, Sb, Fe, and Ce.
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Supplementary Fig. 31 Unit cell of Sb element.
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Supplementary Fig. 32 Unit cell of FeSbo.
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Supplementary Fig. 33 Calculated band structure of Sb element.

36



/\r/

A\
\If C\

-3
r XxXsyr Z URTZX Uy TS R

P

: "
S [ —
&\/k
)//;)//
s

A Y >
A
S\ /
F=__ P\ D

Supplementary Fig. 34 Calculated band structure of FeShs.
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Supplementary Fig. 35 The measurement method (differential method) of thin film thermal
conductivity. (a) Overview of Laser-PIT. (b) Schematic diagram of the thin film to be tested placed
on the sample stage. (c-d) Testing principle. LaserPIT employs a glass substrate to measure the thermal
conductivity of thin films. The method involves depositing the film on only half of one side of the
glass substrate and measuring the coated and uncoated regions of the glass substrate. The thermal
conductivity of the thin film is evaluated based on the measurement results from both regions, the
thickness and volumetric specific heat capacity of the glass substrate, and the thickness and volumetric

specific heat capacity of the thin film.
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Supplementary Fig. 36 Photos that show the bending test. Photographs of flexible p-type
Cey.25Fe3CoSby. thin film during bending as a function of r for (a) not bending, (b) r =12 mm, (c) r =

10 mm, (d) r=8mm, () r =6 mm, and (f) r =4 mm.
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Supplementary Fig. 37 A photothermal-electric detection platform for thermoelectric thin film. (a)
Photograph of light-induced thermal-electric signal detection platform. (b) Photograph of main
components of the platform. (c) Principle of temperature detection of flexible thin films. (d) Infrared
photos of temperature distribution of flexible film during light-induced thermal-electric detection at

different temperatures.
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Supplementary Fig. 38 Measured current | varies over time when low-frequency light pulse

modulation is applied at various light temperatures. (a) 323 K, (b) 373 K, (c) 423 K, (d) 473 K, (e)

523 K, and (f) 643 K.
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Supplementary Fig. 39 The main steps in the preparation process of flexible Ce1.2sFe3CoShiz thin-
film-based thermoelectric devices. (a) Schematic diagram of electrode mask plate. (b) Schematic
diagram of the flexible PI substrate. (c) Schematic diagram of gold electrode deposition on the
substrate. (d) Schematic diagram of mask plate for thin films. (e) Substrate with gold electrodes for
thin film deposition. (f) Schematic diagram of the complete device. (g) Comparison between blank
substrate and substrate after thin film deposition. (h) Photograph of as-fabricated flexible thin-film-

based device.
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Supplementary Fig. 40 Photos of test platform for thin-film-based thermoelectric device. (a)
Performance testing platform for flexible thin-film-based thermoelectric device. (b) External circuit

connection for the device. (c) The setting of hot and cold sides during the device testing process.

43



90 °C~70 °C
90 °C ~90 °C
90 °C ~110 °C
90 °C ~130 °C
90 °C ~150 °C

150 °C'~170 °C
150 °C ~190 °C
150 °C'~210 °C
150 °C ~230 °C
150 °C ~250 °C
29096 =290 °C
250 °C ~310 °C
290 °C =330 °C
250 °C ~350 °C

Supplementary Fig. 41 The infrared photos of the temperature distributions at the hot and cold sides

of flexible thin-film-based devices during the performance testing process, along with their
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corresponding temperature differentials as follows. (a) cold side kept at 50 <C, (b) cold side kept at

150 <C, and (c) cold side kept at 250 <C.
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Supplementary Fig. 42 Output performance of film thermoelectric device when cold-side temperature

Tc is 323 K. (a) Measured open-circuit voltages Voc as a function of temperature difference AT for

Ce1.25Fe3CoShyo flexible thin-film-based device. The cold-side temperature Tc is 323 K. The measured

(b) Voc and (c) output power P as a function of loading current lioad at different ATs. (d) Measured

output power density w as a function of AT. The inset shows the device during measurement.
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Supplementary Fig. 43 Output performance of film thermoelectric device when T¢ is 423 K. (a)

Measured V¢ as a function of AT for Ce1.25FesCoShys flexible thin-film-based device. The T¢ is 423

K. The measured (b) Voc and (c) P as a function of lieaq at different ATs. (d) Measured w as a function

of AT. The inset shows the device during measurement.
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Supplementary Fig. 44. Output performance of film thermoelectric device when T¢ is 523 K. The

measured (a) Voc and (b) P as a function of lieaq at different ATS.
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Supplementary Fig. 45 Output performance of film thermoelectric device at different cold-side and
hot-side temperature. (a) Measured Vqc as a function of hot-side temperature Th with same ATs of 40
K for Ce1.25Fe3CoShi. flexible thin-film-based device. The measured (b) Voc and (c) P as a function of
lioad at different Th values with the same ATs of 40 K. (d) Measured w as a function of T, with the same

ATs of 40 K.
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Cold'Side

Supplementary Fig. 46 Photos that illustrate the high-temperature application of the as-fabricated
device. (a) The Ce1.2sFesCoSbi. flexible thin-film-based device gathers residual heat from the curved
surface of the tube furnace for power generation. (b) Image showing the device snugly affixed to the
surface of a heating tube furnace. (c) Infrared image displaying the surface temperature distribution of

the flexible thin-film-based device during waste heat power generation.
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Supplementary Table 1. A summary of thermoelectric performance of p-type CoShs-based
skutterudite thermoelectric thin films. Here T represents the absolute temperature, o represents the
electrical conductivity, S represents the Seebeck coefficient, S? represents the power factor, and x

represents the thermal conductivity. ITO is abbreviated from indium tin oxide.

Inorganic Substrate T ZT T c S S K Flexi Ref.
:; (K) S (nV (W (W ble
o cm?) K cm™ m!
K™) K™
Ce125CoFesSbi,  Polyimide p 058 653 105.1 98.1 1.01 0.11 Yes  This
work
CoSh; Polyimide p — 453 3390 66 ~1.5 — Yes Y
Fe-doped Silicon p — 420 108.6 254.0 ~7.0 — No 18
COSb3
Ti-doped CoSh; BK7glass p 0.86 523 149.0 255.0 ~9.70 0.62 No 19
CoShs ITO p — 300 2100 58 ~7.1 — No 20
CoShs Quartz p — 400 1818 26 ~1.2 — No 21
FeSbs SiO./Si p — 500 1400 100 ~14 — No 22
CoShs Glass p — 713 774 1545  ~1.8 — No 23
Smos(FeossNios  Silica p — 523 615 78 ~3.7 — No 2%
7)Sb1,
LaFesCoSbi, SiO./Si p — 400 769 68 ~3.6 — No 25
CeoiFeo7Nis2eS  quartz p — 470 158.7 139.2 ~3.1 — No 26
b1, glass
IrShs silicon p — 298 — 303 — — No 2
Ceo,gCOFegsblz A|203 p — 330 — 9.8 — — No 28

51



Supplementary Table 2. Detailed information of flexible polyimide substrate.

No.  Test content name Unit Tolerance range Test result
1 Thickness um 125 125
2 Thickness tolerance range pm 15 —
) MD MPa >135 139
3 Tensile strength
TD MPa <115 118
) MD % 55
4 Elongation >35
TD % 70
) average MV/m  >135 135
5 Insulation strength S
individual MV/m  >100 110
6 Surface resistivity (200°C) Q >1.0%10% 1.1*10%
MD <1.0 0.3
7 Shrinkage (200°C + 5) %0
TD <0.9 0.12
8 Breakdown voltage thickness (125um) KV >5 5
9 Temperature resistance thickness (125pm) °C 350 350
10  Volume resistivity (200°C) Qm >1.0%10% 1.0*10%

Polyimide (PI) film test report. (Shenzhen Runsea Electronic Co.,)
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Supplementary Table 3. A summary of the flexibility of flexible thermoelectric thin films. Here R/Ro
represents the normalized resistance and r represents the bending radius. CF is abbreviated from

cellulose fiber.

Circles R/Ro Component r (mm) Ref.

1500 1.25 Ag.Se 4 29

1000 1.11 CuAgSe 4 %0

300 1.11 Bi,Te; nanosheets 4 8t

1000 1.10 Bi,Tes 4 32

100 1.04 Bi,Tes 10 3

2000 1.07 Sh,Tes/Te 6.5 3

2000 1.05 Bi,Tes 8 %

1000 1.14 Ag:Se / 36

1000 1.6 CoSb;xTex 4 37

1000 1.06 SnSe 4.5 3

1000 1.2 AgBiosShisTes 5 3

1000 1.025 Bio.sSbisTes 10 40

1000 1.2 BiosSbisTes 5 4

2000 1.3 Bi,Tes 7 42

100 1.06 Bi,Tes-CF 10 43

600 1.04 Bi,Tes-CF 4 4“

2000 1.06 Ce1.25Fe3CoShs 4 This work
1500 1.05 Ce1.25Fe3CoShs 4 This work
1000 1.03 Ce12sFesCoSbi, 4 This work
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Supplementary Table 4. EDS results for Ce1.2sFesCoSbi. film taken from Fig. 3a.

Region Ce (at%o) Co (at%o) Fe (at%o) Sb (at%o)
1 0.99 12.25 6.11 80.65
2 1.98 13.43 7.57 77.02
3 1.53 12.58 8.1 77.79
4 1.76 10.64 10.45 77.15
5 1.86 15.27 5.84 77.03
6 1.03 11.64 7.74 79.86
7 1.16 10.77 9.57 78.5
8 1.15 10.03 5.77 83.05
9 1.87 14.37 6.94 76.82
10 141 10.59 10.84 77.16
11 1.29 8.11 5.24 85.36
12 0.98 10.54 6.71 81.76
13 1.44 6.81 5.64 86.1
14 0.88 9.64 6.36 83.11

54



Supplementary Table 5. Comparison of nominal compositions and actual compositions for different

thin films.
Composition Ce(at%) Co(at%) Fe(at%o) Sb(at%)
1 CeozsCoFesShy, 1.54% 6.15% 18.46% 73.85%
Actual component-1 0.10% 11.90% 7.50% 80.50%
2 CeosoCoFesShiy 3.03% 6.06% 18.18% 72.73%
Actual component-2 0.20% 21.90% 9.10% 70.10%
3 Ceo7sCoFesShi, 4.48% 5.97% 17.91% 71.64%
Actual component-3 0.20% 21.90% 12.00% 66.00%
4 Ce15CoFesShi 7.25% 5.80% 17.39% 69.57%
Actual component-4 0.30% 21.20% 8.70% 69.70%
5  Ceis0CoFesShiz 8.57% 5.71% 17.14% 68.57%
Actual component-5 0.20% 22.70% 11.20% 65.90%
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