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Figure S1. Schematic demonstrating the synthesis of silver-selenide nanostructures and fabrication process 
on porous membrane. 

 

 

 

 

Figure S2. Digital photos of silver-selenide films made by vacuum-assisted filtration technique (a) before, 
(b) after cold pressing at 25 MPa for 15 minutes. Scale bar is 1 cm. (c) Demonstrating the flexibility of the 
fabricated film before sintering. 

 

 



5 
 

 
Figure S3. Correlation between concentration of the silver-selenide solution and thickness of the fabricated 
films. (solvent was 40 ml ethanol) 

 

 

 

 

  

Figure S4. (a) XRD pattern of synthesized silver-selenide nanostructures. Surface SEM images at (b) low, 
and (c) high magnification of the fabricated film. 
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Table S1. Details of intense pulsed light (flash) sintering conditions for each experiment. 

Experiment 
number 

Thickness 
group (μm) 

Thickness 
subgroup 

(μm) 

Voltage 
(kV) 

Power 
density 

(kW/cm2) 

Pulse 
duration 

(ms) 

Number 
of pulses 

Pulse 
delay 
time 
(ms) 

Total 
sintering 

time 
(ms) 

Total 
deposited 
energy on 

TE film (J) 

1 

12.5 ± 3.2 

14.3 

2.2 3.47 1 1 0 1 1.04 
2 2.2 3.47 2 1 0 2 2.08 
3 2.4 4.24 1 1 0 1 1.27 
4 2.2 3.47 1 5 1000 4005 5.20 
5 2.4 4.24 1 5 1000 4005 6.35 
6 2.4 4.24 2 1 0 2 2.54 
7 

16.5 

2.4 4.24 2.5 1 0 2.5 3.18 
8 2.2 3.47 2.5 1 0 2.5 2.60 
9 2.6 5.09 2.1 1 0 2.1 3.21 
10 2.6 5.09 2.5 1 0 2.5 3.82 
11 2.8 6.04 2.1 1 0 2.1 3.80 
-- 

13.3 

2.8 6.04 2.3 1 0 2.3 4.17 
-- 2.9 6.54 2.1 1 0 2.1 4.12 
-- 2.9 6.54 2.3 1 0 2.3 4.52 
12 2.7 5.55 0.9 4 1500 4503.6 6.00 
13 2.7 5.55 0.9 10 1500 13509 14.99 
14 

9 

2.7 5.55 0.9 4 248 747.6 6.00 
15 2.7 5.55 0.9 10 248 2241 14.99 
16 2.6 5.09 1.2 5 1000 4006 9.16 
17 2.6 5.09 1.2 10 1000 9012 18.33 
18 2.6 5.09 1.2 5 298 1198 9.16 
19 2.6 5.09 2.1 2 490 494.2 6.41 
20 2.6 5.09 2.1 2 1000 1004.2 6.41 
21 2.6 5.09 1.7 2 404 407.4 5.19 
22 2.6 5.09 1.7 4 404 1218.8 10.39 
-- 

2.6 ± 0.5 2.3 

2.8 6.04 1.5 8 420 2952 21.73 
-- 2.7 5.55 1.7 10 440 3977 28.32 
-- 2.65 5.32 1.8 11 450 4519.8 31.60 
-- 2.6 5.09 1.9 12 460 5082.8 34.82 
-- 2.55 4.87 2 13 470 5666 37.98 
23 2.2 3.47 0.5 1 0 0.5 0.52 
24 2.2 3.47 1 1 0 1 1.04 
25 2.2 3.47 2 1 0 2 2.08 
26 2.4 4.24 0.5 1 0 0.5 0.64 
27 2.4 4.24 1 1 0 1 1.27 
28 2.4 4.24 2 1 0 2 2.54 
29 2.1 3.12 2 2 340 344 3.74 
30 2.15 3.29 1.9 2 340 343.8 3.75 
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31 
2.4 

2.2 3.47 1.5 4 270 816 6.24 
32 2.3 3.84 1.5 4 293 885 6.91 
33 

2.7 
2.3 3.84 1.6 6 314 1579.6 11.06 

34 2.2 3.47 2.2 2 413 417.4 4.58 
35 2.3 3.84 1.7 10 335 3032 19.58 
36 

3.8 
2.35 4.03 1.5 2 310 313 3.63 

37 2.2 3.47 1.5 7 270 1630.5 10.92 
 
 

 

 

Figure S5. Cross-sectional SEM-EDS map of element distribution of unsintered silver-selenide on porous 
filtration membrane. 

 

 

Table S2. EDS map of element distribution of unsintered silver-selenide film after fabrication. 

Element Atomic % Atomic % Error Weight % Weight % Error 

C 44.0 0.1 12.7 0.0 

N 2.6 0.1 0.9 0.0 

O 19.4 0.1 7.6 0.0 

Se 11.7 0.0 22.2 0.1 

Ag 22.3 0.0 56.4 0.0 
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Figure S6. Room temperature TE properties of unsintered and flash sintered silver-selenide TE films under 
non-optimum (experiment 24) and optimum (experiment 32) sintering variables (see details of sintering 
conditions for experiments 24, and 32 in Table S1). (a) The electrical conductivity, and the Seebeck 
coefficient. (b) Power factor. 

 

 

 

Figure S7. XRD pattern of unsintered and sintered silver-selenide film under the optimum variables 
(experiment 32). 
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Table S3. Room temperate TE and charge carrier transport properties of unsintered and flash sintered 
silver-selenide films under the optimal condition. 

Sintering 
condition 

Input 
energy (J) 

σ 
(104 S/m) 

S 
(μV/K) 

PF 
(μW/mK2) 

n 
(1019 cm-3) 

μ 
(cm2  V-1 s-1) 

Unsintered 0.0 1.18 -90.6 97.2 1.14 64.9 

Optimal sintering 
(experiment 32) 6.9 8.47 -160.2 2174.4 0.73 721.3 

 

 

Table S4. EDS map of element distribution of flash sintered silver-selenide film under the optimal 
sintering condition (experiment 32). 

Element Atomic % Atomic % Error Weight % Weight % Error 

C 22.7 0.2 4.2 0.0 

O 11.2 0.3 2.7 0.1 

N 2.4 0.1 2.2 0.1 

Se 20.3 0.1 24.6 0.1 

Ag 39.9 0.0 65.6 0.0 
 

 

Figure S8. Room temperature TE properties of flash sintered silver-selenide TE films with 2.3 μm and 14.3 
μm thicknesses under the same input energy of ~2.54 J (experiments 6, and 28: 2.4 kV voltage, 2 ms pulse 
duration, and a single pulse). (a) The electrical conductivity, and the Seebeck coefficient. (b) Power factor. 
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Figure S9. Optical microscopy image showing sublimation of the silver-selenide nanostructures under 
excessive input energy. 

 

 

Figure S10. Impact of reducing pulse delay time on PF of the flash sintered silver-selenide TE films under 
the same input energy (i.e., fixed voltage, pulse duration, and number of pulses). 
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Figure S11. Cross-sectional SEM images of the sintered film under the optimal condition (experiment 32). 

 

 
Figure S12. Cross-sectional SEM image of the flash sintered film under the optimized condition 
(experiment 32) used for thermal diffusivity measurement. Scale bars in (a) and (b) are 50 μm, and 2 μm, 
respectively. 
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Figure S13. Bayesian optimization prediction mean, uncertainty, and expected improvement from all data 
except the highest power factor. 
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Figure S14. Feature-feature correlation matrix of the top features. 

 

 

 

 

 

Figure S15. Flexibility test of the flash sintered films under different bending angels. 
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Table S5. Comparison for flexibility of silver-selenide films with different compositions fabricated using 
vacuum-assisted filtration technique.  

 

Composition Bending 
cycles 

Bending 
radius (mm) 

Retained electrical 
conductivity (%) 

Retained 
PF (%) Ref. 

Cu1Ag4Se3 1000 4 93 90 1 
PVP-Ag2Se 1000 4 98 94.5 2 

Ag2Se 1000 4 95.8 90.7 3 
Ag1.8Se 1000 4 93.3 NA 4 

Ag2Se/Se/polypyrrole 1000 4 93.5 NA 5 
β-Ag2Se 1000 4 93 NA 6 
Ag1.96Se 1000 5 92.2 92 This 

work 
 

 

 

Figure S16. (a) Experimental setup for TEG performance measurement. (b) In-plane TEG assembled with 
six silver-selenide TE films on mica. Scale bar is 1 cm.  

 

Thermal conductivity measurement using Angstrom method 

In this work, the Angstrom method,7 was used to measure the in-plane thermal diffusivity of the 

unsintered and sintered silver-selenide films under the optimized condition. This measurement was 

conducted in vacuum (~2 mTorr) and involved applying a periodic heat signal at one end of the 

film using a function generator (RIGOL DG4062) and the detection of the amplitude and phase of 
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the resultant temperatures at two different locations along the sample using a data acquisition 

(Keysight 34970A). Two k-type thermocouples (Omega, 5TC 40 AWG), one located near the 

heater (near-side) and the other located further away (far-side), were used to record the 

temperature. The frequency range was chosen such that the thermal penetration depth is as large 

as possible (to ensure a large and detectable temperature oscillation on the far end of the sample) 

but shorter than the distance between the two thermocouples. Thermal diffusivity (α) was obtained 

from the following relationship where L is the distance between two thermocouples, dt, and A1, 

and A2 are temperature phase difference, and amplitudes at near-side, and far-side locations, 

respectively. 

𝛼 =
𝐿!

2𝑑𝑡	𝑙𝑛 𝐴"𝐴!

 

Thermal conductivity (κ) was determined by the measured thermal diffusivity α, specific heat 

capacity cp, and density ρ, using the relationship κ = αρcp where α, cp and ρ are thermal diffusivity, 

specific heat and density, respectively. Schematic illustration of the thermal diffusivity 

measurement setup using Angstrom method, and phase difference and temperature amplitude 

variation for near-side and far-side thermocouples are shown in Figure S17. 

 

Figure S17. (a) Schematic illustration of the thermal diffusivity measurement setup, and (b) recorded 
temperatures. 
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To obtain the thermal diffusivity of the silver-selenide films, the thermal diffusivity of the porous filtration 

membrane is measured initially, and then the combined membrane and silver-selenide film is measured. 

Modified effective medium theory,8 was used to extract the thermal conductivity of the silver-selenide film 

using the following relationship: 

𝛼!"#$%&"'	 "𝜌)*+!𝑐)*+!
𝐴)*+!
𝐴$%,

	+ 	𝜌$%,𝑐$%,( = 𝜅)*+!
𝐴)*+!
𝐴$%,

	+ 	𝜅$%, 

where αmeasured is the combined thermal diffusivity of substrate (porous membrane) and silver-selenide film, 

and ρfilm, cfilm, Afilm, κfilm are density, specific heat, area, and thermal conductivity of silver-selenide film, 

respectively. Similarly, ρsub, csub, Asub, and κsub are density, specific heat, area, and thermal conductivity of 

the substrate. In addition, sample and the vacuum chamber were covered with an aluminum foil to minimize 

the heat loss through radiation. Moreover, the accuracy of the measurement using Angstrom method was 

validated by measuring the thermal diffusivity of pure high-density polyethylene and fused quartz with 

known α. The measurement results agree within 5% of reported values in literature. Despite the challenging 

nature of thermal conductivity measurement of thin films, the Angstrom method is a well-established 

technique that has been implemented for thermal conductivity measurement of various materials, including 

thermoelectric films, polymeric nanocomposites and graphene sheets.9-12 

 

Seebeck coefficient measurements 

The Seebeck coefficient was measured using a custom-built setup. For Seebeck coefficient 

measurement, one end of the film is placed on a heater and the other end on a heat sink. 

Temperature gradient ΔT is measured using two identical k-type thermocouples (Omega, 5TC 40 

AWG) with very fine gauge size in order to minimize the cold finger effect. Seebeck coefficient 

measurement begins by slowly increasing the temperature gradient ΔT while recording ΔT and 

voltage difference ΔV across the negative leads of the thermocouples (TCs) using a data 

acquisition (Keysight 34970A). The negative of the slope of the best fit line through the ΔV/ΔT 
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data gives the Seebeck coefficient relative to the Seebeck coefficient the negative lead of the 

thermocouple. The absolute Seebeck coefficient of the sample is obtained by correcting the 

measured Seebeck coefficient and accounting for the Seebeck coefficient of the negative lead of 

the thermocouple wire. For Seebeck coefficient measurement, the instrument was calibrated using 

a standard constantan sample of known properties.  
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