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Table S1. Chemical compositions of the samples of Sn, Pb Se (x=0, 0.05, 0.1, 0.15, 0.2) and
Na, ,,(Sn, Pb ), 4Se (x = 0, 0.05, 0.1, 0.15, 0.2) analyzed by electron probe micro-analysis

(EPMA) and inductively coupled plasma atomic emission spectroscopy (ICP-AES). Standard

deviation for analyzed compositions is given.

Analyzed compositions

Nominal compositions (EPMA-ICP-AES)

SnSe SnSe o134
Sny 45Pb o5Se Sn 95Pbg 051(1Y5€1 0202)
Sn, 4Pb, ;Se S oPbg 100(1yS€1 011
Sn, ¢sPb, ;sSe Sy ¢sPbg 1551y5€1 011
Sn, sPb, ,Se Sn gPbg 190251 01(2)
Na, ;Sn, 49Se Na,Sn g9S¢; ()
Nay 4,(Sng 45Pbyg 45)g 995€ Nag 1001y (S1.95PDg 050(1)0.995€1 012)
Nay ,(Sn4Pby 1) 995€ Nag 1001, (S 9Py 100(1))0.995€1 00(3)

Nay ,(Sng gsPby 15)9995€ Nao.om(1)(Sno.85P b0.149(1))0.99sel.00(2)

Nay ,(Sng gPby ) 995€ Nay 1001y(S19 §Pbg 1923))0.995€1 01(1)
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Table S2. Apparent density of the samples of Sn, Pb Se (x = 0, 0.05, 0.1, 0.15, 0.2) and
Na, ,,(Sn, Pb ), ,Se (x=0,0.05,0.1,0.15, 0.2).

Nominal compositions Density (g/cm?)
SnSe 5.978
Sny 9sPby psSe 6.190
Sn, oPb,,Se 6.390
Sny 3sPby ;5S¢ 6.445
Sn, sPb,,Se 6.548
Na, ;Sn, oS¢ 5.893
Nay ,(Sng g5Pby g5).905€ 6.072
Na ,(Sng oPby ;)g.905€ 6.228
Nay ,(Sng gsPby 15)0.905€ 6.326
Na, ,(Sng gPby 5)0.905€ 6.468
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Table S3. Comparison of electrical conductivity for Na, ,,(Sn, Pb ), 4,Se (x = 0, 0.03, 0.04,
0.05, 0.06) at 300 K and 773 K.

Nominal compositions 0300k (S cm™) 0773k (S cm™)
Nao.o1Sno.99Se 53 67
Nao.01(Sno.97Pbo.03)0.99Se 30 79
Nao.01(Sno.96Pbo.04)0.99Se 41 90
Nao.01(Sno.95Pbo.05)0.99Se 59 91
Nao.01(Sno.94Pbo.06)0.99Se 25 93
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Figure S1. (a) Typical dense pellet by SPS with a typical diameter of 13 mm and a height of
~15 mm to 16 mm and (b) specimens cut for measuring electrical (disk for measuring
perpendicular to pressing direction, left) (bar for measuring along the pressing direction,
middle) and thermal transport properties (disk, right).
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Figure S2. Lattice parameters and cell volume as a function of x for (a) Sni-xPbxSe (x =0, 0.05,

0 00501 01502
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0.1, 0.15, 0.2) and (b)Nao.o1(Sni-Pbx)o.ssSe (x =0, 0.05, 0.1, 0.15, 0.2).
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Figure S3. Optical absorption spectra of Sni«PbxSe (x =0 —0.2)
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Figure S4. Electronic structures for (a) Pnma and (b) Cmcm of Sni1.xPbxSe (x =0, 0.0625, 0.125,

0.1875) focused on the valence band maxima.

S9



0.0625

X

(A®)

ABiouzg

(A®)

ABisug

/

\

\

A

X
A
Va

2
K

V%
AN ‘\,
!

W

\7 )‘v
R

\

A
X7

AN

A>®v \Amhwcm

(A®

)

ABisug

(A9

)

ABisug

0.1875

X=

(A®) ABisug

YN —
P>

‘V_r
N
4J.WL

:0’

Figure S5. Electronic structures for (a) Pnma and (b) Cmcm phases of SnixPbxSe (x

0.1875)

b

0.0625, 0.125
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Figure S6. (a) The energy variations of the valence band maxima and (b) their differences as

a function of x for SnixPbxSe (x =0, 0.0625, 0.125, 0.1875)
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Figure S7. The projected density of states of Pnma and Cmcm phases of (a) SnSe and (b)

Snos125Pbo.1875Se
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Figure S8. (a) Hall carrier concentration and (b) mobility at room temperature as a function of
x for Sni+PbxSe (x =0, 0.05, 0.1, 0.15, 0.2).
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Figure S9. (a) Hall carrier concentration and (b) mobility at room temperature as a function of

x for Nao.o1(Sn1-xPbx)o.99Se (x = 0, 0.05, 0.1, 0.15, 0.2).
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Figure S10. Seebeck coefficient as a function of hole concentration (nn) at room temperature.

We calculated the Pisarenko relation between S and nx using a single parabolic band (SPB)
and a multivalley band (MVB) models for SnSe, and compared the results with the
experimental S values at 300 K for Sno.osPbo.osSe and Nao.01(Sno.9sPbo.os)o.99Se in this work as
well as for the previous reports.!? The S values for undoped samples from this (i.e.
Sno.95Pbo.osSe) and the previous work? are well fitted by the SPB model with the effective mass
of m = 0.67mo (mo: free electron mass). In contrast, those for Na-doped samples are close to
the MVB model, suggesting that the presence of multiple valleys in the valence band plays an
important role in Seebeck coefficients for this heavily doped system as reported previously.'
Since only 0.02 eV differs between the first light and heavy valence bands, the activated heavy
valence band by hole doping can push the Fermi level down.> However, PbSe alloying
marginally affects S values, which is consistent with the results of our electronic structure

calculations showing that it negligibly disturbs the VBM.
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Figure S11. Temperature dependence of (a) electrical conductivity, (b) total thermal

conductivity, (d) Seebeck coefficient, and (e) Power factor of Nao.o1(SnixPbx)o.99Se
(x=10,0.03-0.00).
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Figure S12. Temperature dependence of (a) electrical conductivity, (b) Seebeck coefficient, (c)

power factor, (d) total thermal conductivity, (e) lattice thermal conductivity, and (f) figure of

merit ZT of Na, ,,(Sn, 4sPb, ;5), 9oS¢ measured parallel (//) and perpendicular to the press
direction (1) of spark plasma sintering.
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Figure S13. Cross-sectional bright-field scanning TEM image of the Sno.osPbo.o4Se sample

showing nanostructures embedded inside the matrix.
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Figure S14. Elemental analysis on nanostructures and their surrounding matrix in the

Nao.01(Sno.96Pbo.04)0.99Se sample by STEM-EDS.
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Figure S15. High-magnification atomic-resolution annular bright-field STEM image

focusing on (a) the matrix and (b) the nanodot therein.
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2. Calculation details for pisarenko plot
Relationship between Seebeck coefficients and carrier concentrations was modeled by
multiple and single parabolic band models, respectively, for better understanding variations

of electronic structures by doping and alloying processes by the following equations*:

n=1/3 2mi ks T/ OF P B) e Teqll]
1 1
S=ka/e| 'FL1-0.0)/ °F,(n-0:.0)-(1-0)] -+ [eq.2]
2t c F 1,8
nh e n;
== 3/22 -+ [eq.3]

m(2mdkBT) Edef F (;,lﬁ)

StotaIZZGiSi/Gi [eq4]
U ()= f - 0f/ 0)e™ (e+ae?) [(1+2ae)*+2]™2de -+ [eq.5]

Apparently, the above equations represent the single parabolic band model if i =1.
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3. Calculation details regarding lattice thermal conductivity

Based on the Callaway-Debye model, we calculated the temperature-dependent lattice thermal
conductivity using the following equations:

_ kB kBT nga/T X4€x dx
Klatt_znzv( h ) 0 Ttot(x) (ex_l)z

T,: 1S the total relaxation time, which is given by

Umklapp Phonon scattering:’

Point defects scattering:®’
Vo M-M a-a
=g * ) (1) [ (e

Nano-precipitation scattering:®

=¥ [(2nR2) (= nRZ(AD/ ) ( ) 41_1 A

As confirmed by STEM studies, significant dislocations are present in our samples. Their effect
also must be considered. The relaxation time of dislocations consists of both a dislocation core
and dislocation strain effects as follows:’

- _NDI_/4/3CO3
T
Hs=A*B} — (=) ((1+
Dvwz 24< Ty f(

Note: ks is the Boltzmann constant, v is the average sound speed, 7 is the Plank constant, &,
is the Debye temperature, 7T is the absolute temperature, vy is the Griineisen parameter, M is
the average molar mass, AN is the fitting parameter for normal process, a: is the radius of
impurity atom in host matrix, x; is the ratio of point defects, M; is the impurity’s atom mass,
and ¢ is a phenomenological factor as a function of Griineisen parameter. The structural
parameters such as a radius and density of nanostructures were acquired from STEM analysis
from this work. Other parameters were obtained from the previous literatures on thermal
transport calculations.!®!! These parameters were used to calculate the theoretical lattice
thermal conductivity with various scattering process conditions. The calculated results were
compared with our experimental values. All the parameters used are given in Table S4 and
reference. !

Figure 10 in the manuscript shows the calculated xatt with application of various scattering
mechanisms in comparison with the experiment values for the samples of pristine SnSe, Pb
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alloyed Sno.9sPbo.osSe, Na doped and Pb alloyed Nao.o1(Sno.osPbo.os)o.99Se. U and PD represent
the Umklapp scattering and point defect scattering model, respectively. For the pristine SnSe
sample, the calculated xiat curve based on the U model agrees well the experiment data. For
the Pb alloyed sample, substituted Pb atoms are assumed to behave as point defects at relatively
low temperature, and the U+PD model quantitatively predicts its experiment data. However,
the significant deviation between the calculated and the experiment values occurs with
increasing temperature mainly due to gradual disappearance of mass fluctuation given by Pb
point defects in high temperatures.

For Na doped and Pb alloyed samples, experimental values are located well below the xiat
curve based on the U+PD model over the entire temperature range, indicating emerging
multiple phonon scatterings. With consideration of both nanostructuring and dislocations
observed in STEM studies in this work as the significant source of phonon scattering, our
model fits well with experimental values. As a consequence, the synergistic effect of
nanostructuring and dislocations could be the main reason of the reduced xiatt observed for Na-
doped and Pb-alloyed samples, rather than single point defect scattering.

Table S4. Parameters used for calculating lattice thermal conductivities

Parameters Symbol  Unit SnSe

Space group Pnma

Lattice constant a, b, c A a=11.491, b=4.15, c=4.44
Debye Temperature b K 107

Sound velocity ) ms™ 1674

Griineisen parameter y 2.65

Phenomenological factor € 125
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