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Figure S1. Rietveld refined XRD patterns of x = 0 at room temperature.
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Figure S2. The distributions of crystallite size for x = 0.03 sample.



Figure S3. Analysis of microscopic morphology of undoped sample by TEM. (a)
Low-resolution and (b) high-resolution TEM images of Big4Sb, ¢Tes matrix. (c)
The electron diffraction pattern for (b). (d) The inverse fast Fourier
transformation image and (e) the geometric phase analysis image for (b) to
indicate the dislocations and stress—strain distribution.
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Figure S4. The characterization of Vickers microhardness. (a) The Vickers
microhardness of AgoGaTeg-doped Big 4Sb; ¢Te; samples and (b) some literature
data are shown for comparison.'#
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Figure S5. High-angle annular dark-field (HAADF) image without impurity to get
the actual atomic fraction of Big4Sb,¢Tes + 0.03 wt% AgoGaTeg, blank area#lin
(a) and nano-particles of (b).



Figure S6. The BigsSb;¢Tes + 0.03 wt% AgsGaTeg sample’s EDS elemental
mapping of Bi, Sb, Te, Ag and Ga elements.
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Figure S7. Temperature dependence of power factor for Big,SbigTes+ x wt%
AgoGaTeg samples.
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Figure S8. Temperature dependence of a) total thermal conductivity and b)
electronic thermal conductivity for Big 4Sb, ¢Tes+ x wt% AgeGaTeg samples.
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Figure S9. The measured (a) calculated Lorenz number L, (b) thermal diffusivity
D, and (c) the heat capacity C, of the Big4Sb; gTes+ x wt% AgsGaTeg samples.



Table S1. The measured density pfor the Big 4Sb1 gTes+ x wt% AgoGaTeg samples.
X 0 0.01 0.03 0.05 0.07

p(gcm3) 6.742 6.7415 6.714 6.746 6.731

Debye-Callaway model

The contribution of different defects to lattice thermal conductivity of the
Big.sSbigTes+ x wt% AgeGaTeg can be further explained by Debye-Callaway
model. And the lattice thermal conductivity k; can be expressed as follows.> ©
kg [kgT 3 /7 4 x
K, = ry I o ttot(x)x eex-12dx
2V

The spectral lattice thermal conductivity (k) is in the integrand term.
4
kB {kBT)a x'e*
2 | h -1 X 2
21 v\ rtot(x)(e - 1)
In the expression, kg is the Boltzmann constant, vis the in-plane average velocity
of phonon, # is the reduced Plank constant, x = hw/ksT (w indicates the phonon
frequency) is the reduced phonon frequency, 9y is the Debye temperature, and
Tior IS the total phonon scattering relaxation time, which can be obtained
according to the Matthiessen rule, including phonon-phonon Umklapp
scattering (U), grain boundary scattering (B), point defect scattering (PD), and
dislocation scattering (D) consisting of dislocation strain scattering (DS) and
dislocation cores scattering (DC).
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The calculation of the relaxation time related to Umklapp phonon-phonon
scattering (ty) can be calculated with the following equation.

5 kB Vl/ayzsz
=A
U N
( 6)_[2)1/3 MV3

Ay is the pre-factor of Umklapp scattering time, which can be obtained by fitting
in-plane transport parameters of the ZM sample. V, 5, and M are the average
atomic volume, Griineisen parameter, and the average atomic mass,
respectively.

The relaxation time associated with grain boundary phonon scattering (tg) is
calculated from:

in which Vis in-plane average speed of sound and d is the average grain size.
The grain boundary phonon scattering (TPD) is estimated by:
4
-1 Vw r
PD
47'tv3
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in which I is point defect scattering parameter and the expression is as follows.

(A ) {(G ‘e 4y)l + r}z(Aa)z
-r a
in which x is the fractional concentration of either of constituents. AM, G, r, and
Aa are difference in mass, parameter representing a ratio of fractional change
of bulk modulus to that of local bond length, Poisson’s ratio, and the difference
in lattice constant, respectively. -1 -1
The dislocation strain scattering ( DS) and dislocation cores scattering TDC are

calculated by:

I'=x(1-x)

4/3
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in which Np, Bp, ¥V, &V, “L °T are dislocation den5|ty, effective Burger’s vector,
Grineisen parameter, change in Griineisen parameter, longitudinal phonon
velocity, and transverse phonon velocity, respectively.
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in which Bp, Np, Co, K, Ta, Ypure and V; is the Burger’s vector, the dislocation
density, the concentration of Bi,Tes in Big4Sb1¢Tes, the bulk modulus of Bi,Tes,
the sintering temperature, the Griineisen parameter and the change in
Griineisen parameter, respectively.



Table S2. Parameters for the lattice thermal

materials in the Debye-Callaway model.

conductivity

Parameters Description Values Ref
% Debye temperature 94K 5
Bp Effective Burger’s vector 1.2x10-9m fitted
VL Longitudinal phonon velocity 2884m st 7
VT Transverse phonon velocity 1780m s? 8
v In-plane average velocity of phonon 2147m st 8
1% Griineisen parameter 2.33 8
r Poisson’s ratio 0.24 3
v Average atomic volume of Big4Sb, ¢Tes 31.26A3 S
Vit Atomic volume of Bi,Tes 3.40x10-29m3
Vst Atomic volume of Sb,Tes 3.31x10-29m3

Mgt Atomic mass of Bi,Te; 2.79x10-25kg
Mgt Atomic mass of Sb,Te; 2.07x10-25kg
Co Concentration of Big4Sb,gTe; in Bi,Tes 0.2
K Bulk modulus 44.8GPa 8
T, Sample Sintering temperature 693K Exp.
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Figure S10. The variation of quality factor B and weighed mobility u of
representative samples at room temperature.

of Bi,Tes-based



Figure S11. The anneal test of the Big4Sb; ¢Te; + 0.03 wt% AgsGaTeg sample at
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Figure S12. The repeatability test for thermoelectric performance of the
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Bip.4SbigTes + 0.03 wt% AgoGaTeg sample.




Statistical analysis for materials:

The electronic and thermal transport parameters were measured by using the
commercial ZEM-3 and LFA-457 instruments, respectively. The measured results
hardly depend on the sample size, and the errors are mainly the standard deviations
of these instruments. Specifically, the systematic errors of Seebeck coefficient S and
electrical conductivity 0 measurements are about 3% and 5%, respectively. The

combined uncertainty for the total thermal conductivity ki is about 7% calculated

dktot dp de daD
= |+ H ()"
p p 1% for the density p, 5% for the specific heat

Ktot
from

Cp, and 5% for the thermal diffusion D. Ultimately, the uncertainty of the ZT value is
estimated to be about 10%. The computational formula involved is

aizT) @ x alS)2 N (do)z N (alrctot)2
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Figure S12. The flowchart of thermoelectric module preparation and the home-
built testing system for the thermoelectric module conversion efficiency n
measurement.



0.66 f
0.60
_ 054
0.48¢
0.42¢
0.36¢

50 75 100 125 150 175 200
T (K)

Figure S13. The internal resistance of the Big4SbieTes + 0.03wt% AgsGaTeg
sample.
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Figure S14. The conversion efficiency of remade Bi,Tes-based TE modules in the
circuit.

Statistical analysis for modules:

The uncertainty in conversion efficiency is approximately 6%. The measurement
error associated with conversion efficiency using the home-built instrument can
be analyzed through standard error analysis and propagation methods.
Specifically, the uncertainty in thermal conductivity measurements for copper
is 5%, while the uncertainties for Ac,, Icy, I, U and T are 0.5%, 1.5%, 0.5%, 0.5%,
and 0.1%, respectively. The uncertainty is calculated using the following

equations:



6(AT¢,) = \/ [Tewr X 8(Tcun))’ + [Tewz X 8(T )|/ (Teu = Tewa)
8(Q) = [8(AT ¢,)* + 8(rec)” + 8(Ac)” +8(lc)’
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Figure S15. Optical images of the fabricated TE module composed of the p-type
Big.4SbigTes+ 0.03 wt% AgoGaTeg and zone-melted n-type Bi;Te; 7Se0.3-

Figure S16. Comparison of geometric dimensions of the n/ p type TE legs.



Table S3. The thermoelectric behaviors of n-type Bi,Te;;Seqs; zone-melted
materials in the thermoelectric modules.

T (K) o(Scm™) S (UV KY) Keor (W M1 K1)
300 1326 -201 1.56
350 1116 211 1.53
400 948 -214 1.65
450 845 -204 1.95
500 807 -182 238
= Solder Ni Cu 14.3¢
3.81 (] n-teg 14.0} L 3.000em’
o
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é .
& 34} i 13.5¢ Solder Ni Cu
: 50um 133} In-leg
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Figure S17. The measured contact resistance by the scanning of resistance
across the Cu-Bi2Te3 interfaces for n-leg, with the inset of SEM images.
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Figure S18. The SEM image and EDS mapping of the interface between Cu
electrode and p-leg (a) cold-side, (b) hot-side.

Figure S19. The SEM image and EDS mapping of the interface between Cu
electrode and n-leg (a) cold-side, (b) hot-side.
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Figure S19. Comparison of electronic and thermal transport properties of the
representative Big4Sb;¢Te; + 0.03 wt% AgyGaTeg sample in both-the out-of-
plane" and-in-plane directions, including a) Seebeck coefficient, b)electrical
conductivity, c)total thermal conductivity, and d) ZT value.

The synthesis method of Ag,GaTeg

The AgyGaTeg polycrystalline samples were prepared from appropriate
amounts of Ag (4N), Ga(4N), Te(4N) elements. The mixture was melted in sealed
quartz ampoules at 1243 K for 6 h and annealed at 893 K for 72 h, and then
made into fine powder by ball milling.
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