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Table S1. Atomic ratios of raw elements and volume fractions of TiO, nanoparticles in 12 different kinds
of solid solutions made of magnesium silicide and magnesium stannide. Note that 10% excessive

magnesium was used to compensate loss during synthesis processes.

Volume ) )
Sample fraction Atomic ratio
no.
TiO, Sn Sb Si As Mg
1 0%
% 1%
0.5925 0.0075
3 2%
4 5%
5 0%
6 0.1%
0.392 0.008 22
7 0.2%
8 0.5%
0.585 0.015
9 1%
10 2%
11 5%
12 10%




Figure S1. Scanning electron microscope (SEM) image with energy dispersive spectroscopy (EDS)

results on dark and grey regions.



Figure S2. High resolution transmission electron microscope (TEM) images used to determine

distribution of nanograin sizes. The scale bar indicates 2 nm (continued to the next page).
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Figure S2. (continued from the previous page)



Figure S3. SEM images (upper row) used to estimate the ratio of phase segregation percentage and

binary masks (lower row) created from those figures in the first row by using ImagelJ.

Figure S4. (a) TEM-EDS elemental mapping of Sample 6 (2% TiO,). (b) Colored mapping results of Si,
Sn, As, Mg, Sb, Ti, and O.
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Figure S5. Electrical conductivity (a), thermopower (b), and thermal conductivity (c) of Sample 5~12
containing TiO, nanoparticles (0~10 vol%) and 1.5% Sb dopants.
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Figure S6. Thermoelectric power factor of Sample 5~12 (a) and Sample 1~4 (b). Thermoelectric figure
of merit (Z7T) of Sample 5~12 (¢).



Electrical Conductivity and Thermopower Calculation

Electron (or majority) carrier concentration (N,) and hole (or minority) carrier concentration (V)

can be calculated with the Fermi levels as input parameters:

L (m) 1 () L E(m) ()

=Mool expl (E-Er xa)/ (keT)|+1 BN expl (E-Er 1)/ (K T)]+1 - .
« (2.3 N T
Ny =Ny s [ V(M) /(=) dE+N, [ VEE(mi, ) /(=) dE (S2)

® expl (E-Er )/ (KsT) |+1 ® expl (E-Er )/ (keT) | +1

Here we considered two X-valleys in the conduction band (labeled as X1 and X3) and two [-valleys in
the valence band (labeled as HH, and LH), as shown in Fig. S6." Each integral was calculated with respect
to the band edge of each valley (i.e., E = 0 at the band edge). For convenience, we used the band edge of

X3 valley as a reference, the four valleys can be expressed with the Fermi level (Er) as:

EF,xs = EF (S3)
Eexi=Ee = (S4)
EF,HH = EF,LH :_(EG + EF) (SS)

where E, is the energy offset (Ergge x1 — Eragex3) and Eg is the band gap as shown in Fig. S6.

X3 X1

LH HH

Figure S7. Multi valley schematic of Mg,Sij4Sng .

With the effective mass (m*) in Table S1, N, and N, were found, and then ionized impurity
concentration (N;;) was calculated by:

N, =N, -N, (S6)



Thermopower (S) can be calculated with electrical conductivity (o) by:

of
S= S—
o

s, :I‘”O'd,j(E)(E_EF,deE

0 o qT

df (E
Ud’j(E):qszj(E)x(— (JjI(E)

o2

1
exp| (E—Ex )/ (keT) |+1
7;(E)= (TACJ(E)"‘TH J(E)"'TPOPJ(E)"'TM ](E))
2E
3m.~

j

f,(E)=

v,(E)=

o, =N, [ oy, (E)IE

‘7:2‘71
j

summarized in Table S2.

The mobility of electron (i) and hole (u;,) carriers can be obtained by:

_Ox11T0xs

P2N,
giNe
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sz'j(E)x{Vj(E)}z

(87)

(S8)
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where ¢, T, E, m", Ny are electron charge, absolute temperature, carrier energy with respect to band edge,
carrier effective mass, and valley degeneracy, respectively. The index j indicates valley (X1, X3, HH, and
LH). The subscripts AC, POP, II, and NI in scattering relaxation time represent acoustic phonon, ionized

impurity, polar optical phonon, non-ionized impurity, respectively. The material parameters employed are

(S16)

(S17)

The mean free path of electronic carrier (/) as a function of energy in valley j can be obtained by:

2E
I = w XTj
m;

(S18)
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Figure S8. Calculated mean free path of electron carriers in X3 and X1 valley as a function of energy for

no TiO, nanoparticle sample at 800 K and 400 K using the velocity and relaxation time.
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Table S2. Parameters used for calculation.'” The atomic concentration of Sn is y.

Parameters Values
m’y; (my) 0.38
m’x; (mo) 0.49+2.0x10™*xT
m*HH (my) 1.5
m’ 1 (mg) 1.0
Eg (eV) (0.78-4.0x10™*xT)x(1- y) + (0.38-2.8x10*xT)x y
Ey(eV) (0.4)x(1- y) + (-0.165)x y
&0 (F/m) (20%(1- y) + 23.75% y)x8.85%x10™"
&, (F/m) (13.3%(1- y) + 17x )x8.85x10™"
fiwy (meV) 40%(1-y)+28.8x y
pup (g/em’) 3.78
d (nm) 11
pu (g/em’) 1.88%(1- y)+3.59% y
D, (eV) 7
D, (eV) 1
C;(N/m?) (4.15%(1- y)+3.22% »)x10"°
wc; (THz) 52.3%(1- y)+ 22.4% y
wcr (THz) 29.7x(1- y)+ 13.9%
v, (m/s) 7700%(1- )+ 4900% y
vr (m/s) 4900%(1- y)+ 3000 y
y 2.5%(1-y)+ 1.7x y

a for TiO, 0%, 1%, 2%, 5%
p for TiO, 0%, 1%, 2%, 5%
NV)X3, NV:X]

NV)HH, NV»LH

Respectively 0.65, 0.60, 0.55, 0.50
Respectively 1, 0.8, 0.6, 0.5
3
1
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Thermal Conductivity Calculation

Electronic thermal conductivity (k,) and bipolar thermal conductivity (k;;) can be calculated by:

k=2 Lio/T
J

The Lorenz number is expressed as:
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Lattice thermal conductivity was calculated by using a modified Callaway model that separately

considered longitudinal and transverse modes of phonons.
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where x=Aw/(kzT) is the reduced energy of phonon and 6; is the Debye temperature.
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The relaxation time corresponding to the normal scattering is described as:’
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( pNL) M 5h4
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k3 7/2V
-1 5
(TpN 'T) = |\/TV$h4 XT (S31)

where kg, y, ¥, M, v;, v;, i and T are Boltzmann constant, Griineisen parameter, average volume of an
atom, average mass of an atom, longitudinal sound velocity, transverse sound velocity, reduced Planck
constant, and absolute temperature, respectively.

Umklapp scattering is expressed as:

2 2
(tpui) " = ,\Z \fz 5 (%} X°T % T (S32)

where 6; is the Debye temperature which is equal to Zw/ksz. The scattering due to random alloy between

Si and Sn is
Vo (kTY
Nrt=T—| 22— | x* S33
(TpA,I) 47Z'Vi3 [ h j ( )
M i My -Moo ¥ (Mg —Mgg Y
r — 3 Si,Sn (1_ y)[ Si Si,Sn j + y( Sn Si,Sn ] (834)
2'\/IMg + MSi,Sn MSi,Sn MSi,Sn
MSi,Sn = (1_ y)MSi + yMSn (S?’S)

where y is the atomic ratio of Sn, which is 0.6 for Mg,Sip4Sng, and Mg; s, is the average atomic mass of
Si and Sn accordingly with the ratio y.
Phonon scattering by electronic carriers was considered by using:
(7o) = (Tpeixa) "+ (Tpeina) (S36)

Erj 2
(ﬂ,‘j—ﬁm 1165, )+x/2)
B

D2 (M), 1+e
-1 e j i
rei )t =N, — $37
( pE,,J) V,j 47Th4,0ﬁi,j +e(ﬂu—%Hzl(mﬂu,j)-ﬂz) ( )
B m?viz S38
i 2kBT ( )

where D, and p are electron deformation potential and density of Mg,Sio4Sn ¢, respectively. We ignored
phonon scattering due to holes (minority carriers) since its influence on the total relaxation time is very
small.

Phonon scattering by nanoparticles was considered by using:

VN DRpkax*T*

T oo )= S39
one,) ® KDL XT ! + 320, (839)
c=1- exp(—pNPp;pMj (S40)

M
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where Nyp is the concentration of nanoparticles and Dyp is the diameter of nanoparticles with the
assumption of a sphere shape. 4 accounts for the density difference between the matrix material and TiO,
nanoparticles. 4 approaches 1 when the density difference is infinity. Nyp and Dyp are related each other
since the volume percent of TiO, nanoparticles is given.

X /100
Nyp =———— (S41)

(%)
3\ 2

where X is the volume percent of TiO,. Nyp was found to be 1.5><1017, 3.1><1017, and 2.8x10' ¢m™

respectively for samples with 1%, 2%, and 5% TiO2 nanoparticles.
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Figure S9. Undoped single crystalline Mg,Si and Mg,Sn data*’ was fitted to find the Griineisen

parameters (2.5 and 1.7) by considering normal scattering and Umklapp scattering.

Phase segregation was calculated by using the area percentage of Mg,Sn (4jg25,) obtained from
ImagelJ software.® The segregated Mg,Si (Apg2si) phase was calculated by multiplying A4,,.s, and both

atomic ratio (0.6:0.4 for Sn:Si) and areal ratio (square of lattice constant).

2

Ayvg,si 0.6
.= X —
AMQZSI AMgZSn (af/lgzsn 04)

(S42)

where ayo5 and ayyos, are lattice constants of Mg,Si and Mg,Sn, respectively. The total segregated portion

was obtained by adding the two segregated areas.

Arotal = AMngi + AMngn (843)

It should be noted that the areal ratio for the two phases is the same as the volumetric ratio, assuming that
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the thickness is the same for both.
The relaxation time of holes (minority carriers) was adjusted with a multiplying factor g, ranging
from O to 1 in order to consider the reduction of bipolar thermal conductivity due to the minority carrier

scattering by TiO, nanoparticles. For the sample without TiO, nanoparticles, f=1.

T (E) = (738 1 (E) + Ty (E) + o oy (B) + 7ot (B)) (S44)

i (E)= ﬂ(z—;é,LH (E)+ TI_Il,LH (E)+ T;g)P,LH (E)+ T;IL,LH (E))il (545)

Error Estimation

Experimental errors related to thermal conductivity, electrical conductivity, and thermopower
measurements were obtained mainly from uncertainty in instrumentation and dimensions. For electrical
conductivity, uncertainty related to distance measurement between two probes, width, and thickness was
estimated as +4%. For thermopower measurements, uncertainty was estimated by using the largest and
lowest slope as an upper (+8%) and lower bound (-4%) from the temperature-voltage relation. Thermal
conductivity (k) was obtained by using the formula k = cpa, where ¢, p, and ¢ are specific heat, mass
density, and thermal diffusivity, respectively. For the density measurement, estimated uncertainty was
+3% and £2% respectively corresponding to volume and mass measurements. For thermal diffusivity,
+3% was obtained from three consecutive measurements with the flash apparatus. Therefore, the overall
uncertainty corresponding to thermal conductivity measurements was estimated to be as £8%. Overall
uncertainty of the thermoelectric figure-of-merit was then calculated using the error propagation formula
shown below.

AZT _AS Ao Ak

A8 20,20 A% (S46)
ZT S o k
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