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S1 Sample information

Epitaxial SnO2 films/r-Al2O3 substrates were grown using pulsed laser deposition (PLD).
Chemically cleaned r-Al2O;3 substrates were introduced into PLD chamber at a base pressure of ~1x10¢
Pa. SnO: films were deposited on the substrates by irradiating undoped SnOz target using ArF laser (laser
wavelength: 193 nm, laser energy: 20 mJ, repetition frequency: 10 Hz, oxygen partial pressure: 5 Pa). The
undoped SnO» target was fabricated by pressing undoped SnO2 powder (99.99 %) at 8 MPa and sintering
the pressed SnO: tablet at 1673 K for 24 hours. The epitaxial SnO2 films were doped using Arsenic (As)
implantation at the accelerated voltage of 72 keV. Then, the dose amount of As was 2x10'3-2x10'* cm™.
The As dopant was activated by annealing the samples at ~873 K for 10 min in rapid thermal annealing
system.

The thickness of doped SnO:2 layer was determined from the As ion distribution profile as a
function of depth, the distance from the film surface (Figure S1a). This distribution profile was calculated
by stopping and range of ions in matter (SRIM). The distribution profile was fitted with Gaussian function.
From the fitted Gaussian function, the integration of implanted ion concentration was calculated (Figure
S1b). The integration of implanted ion concentration saturated (99.5 %) at a certain depth (58 nm). We
defined the thickness of As-implanted SnO: layer as the depth corresponding to the 99.5 % of the
integration of implanted ion concentration. The estimation detail is described in our previous studies [1,
2].

The sample information of As-implanted SnO: films (As-implanted samples) such as dose amount,
carrier concentration n, electron mobility s, electrical conductivity o, Seebeck coefficient S, and S>c are
summarized in Table S1.
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Figure S1(a) As ion implantation profile as a function of depth in the dose amount of 1x10%** cm, which
was calculated using SRIM. The open circles and the solid curve are SRIM data and fitted Gaussian
function, respectively. (b) Integration of implanted ion concentration as a function of depth.
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Table S1 Sample information at 300 K.

Sample Dose amount n U c S S’o
number (cm?) (cm?) (em?Visth)  (Qlem?) (UVK?Y  (uWemK?)
1 2x101 1.6£0.2x101°  17.7+2.2 450 -199+14 1.8+0.1
2 1x104 3.1+0.4x10%°  22.2+2.8 111+0 -140+10 2.2+0.2
3 1x10% 3.3+0.4x10%°  24.4%3.1 129+0 -151+11 2.9+0.2
4 1x10% 3.8+0.4x10'°  15.8+2.0 96+0 -152+11 2.2+0.2
5 1x10% 5.8+0.7x10'°  15.7+2.0 1450 -131+9 2.5+0.1
6 2x10% 7.4+0.9x10'°  11.6+15 138+0 -118+8 1.9+0.1
7 8x10% 5.5+0.7x10'°  7.0+0.9 62+0 -104+7 0.7+0.0
8 2x10% 2.740.3x10%°  13.7+1.7 58+0 -119+8 0.8+0.0
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S2 Thermal conductivity measurement for As-implanted samples

Thermal conductivities x of As-implanted samples were measured by 2m method. Figure S2a
shows the typical measurement data of As-implanted samples (dose amount: 1x10'* cm™). Phase signals
were fitted with the theoretical equation for surface temperature 7o of transducer film (eqs (S1)-(S7)).
This is derived from the one-dimensional heat conduction model. When obtaining eqs (S1)-(S7), we
considered 4 layer model (Figure S2b) under the adiabatic assumption for the surface of transducer film
and the bottom of substrate.

1 1

e (1'— ) (S1).
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htRy3kokytaf,y

1+R23K’2k2t2+0(ﬂ232‘2 (SZ),
l3t4+R34K‘3k3t4+ﬂ34
. 3

“ 4R34 i3 k3 131413413 (83),
an=cosh(kndhn) (S4),
tn:tanh(kndn) (S 5 ) ,
LSom={ knCn/(kmCm) } 12 (S6),
kn={@Cn/(20)} " (1+i) (S7),

where Q is the Joule heat generated per unit volume in the metallic transducer film, ® is the angular
frequency of heating current, xn is the x Of the nth layer, dh is the film thickness of the nth layer, Cx is the
volumetric heat capacity of the nth layer, and Rnm is the interfacial thermal resistance between the nth and
the mth layer. The indices n and m describe the layer: 1 for Mo transducer film; 2 for As-implanted SnO2
layer; 3 for undoped SnO: layer; 4 for Al2O3 substrate. The fixed parameters used for the fitting analysis
are shown in Table S2. The Ri2 and the R34 were measured by time domain thermoreflectance method.
The R23 was considered to be zero because this interface is formed by homojunction.

1: Mo transducer film
’-..\ _35_ K1,C1,d1
g -+ Ry,
O ,
— 40  Experimental data
[0 /
S Aot A, A, .,
0 451 A / A <+ Ry3
o)) _ ‘
g Fitted curve
£
o -50F
- Ry,
] 1 ] ] 1 4: Al,O; sub.
4 5 6 7 8x103
A2 (112 K40 Cyo 0y
(a) 2wy (s17) (b)

Figure S2(a) Typical 2 data of As-doped samples with the dose amount of 1x10'* cm™.
(b) Schematic illustration of the sample structure.
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Table S2 Typical parameters used for fitting analysis
in As-doped samples with the dose amount of 1x10%* cm™,

Parameters unit Value
K1 WmiK1 142
C1 JKm3 2.6x10°
d1 m 2.3x1077
K2 WmiK1 fitting parameter
C2 JKm3 2.5x10°
d2 m 5.8x108
K3 WmiK? 11
Cs JKIm?3 2.5x10°
ds m 5.2x10°8
K4 wmK? 27
Cs IKtm3 2.3x10°
d4 m 5.0x10*
R m2KW* 3.0x107°
R23 m?Kw-! 0

R34 m2Kw1 0




S3 X-ray photoelectron spectroscopy analysis

To analyze the composition and the defect formation, we carried out x-ray photoelectron
spectroscopy (XPS) measurements for As-implanted sample with the dose amount of 1x10'* cm™ and Sb-
doped sample with the dopant amount of 0.2 at%. The XPS measurement was performed using Al K, line
(1486.6 eV) after removing the contribution of hydroxyl groups on the sample surfaces by Ar ion
sputtering with the energy of 500 V for 3 min. From the wide scan (not shown here), the O/Sn atomic
ratios of As-implanted and Sb-doped films were both measured to be ~1.9 roughly although we have
difficulty in detecting the difference of the two ratios (<several %) by XPS. This value is close to the
stoichiometry of SnO2 with O/Sn=2.0. Figures S3a and b show O1s XPS spectra of As-implanted and Sb-
doped samples, respectively. The preceding studies about XPS spectra of SnO2 reported that XPS spectra
coming from O atoms bounded to tin atoms (Or) and O vacancies (On) appeared at the binding energies
of ~530-531 and ~531-532 eV, respectively [3-5]. O1s XPS spectra of As-implanted sample and Sb-doped
sample were deconvoluted into Or and On peaks using voigt function after removing the background using
Shirley method, where the best values of the coefficients were the ones that minimize the value of Chi-
square. The rate of O to Or of As-implanted sample (0.16) was larger than that of Sb-doped sample (0.04).
This indicates that As-implanted samples have a larger number of O vacancies than Sb-doped sample,
which is consistent with the result of Raman spectroscopy in the main text.

In addition, we measured Sn3d XPS spectra of As-implanted and Sb-doped samples to investigate
the influence of O vacancies on the Sn state (Figure S4). Both spectra completely overlapped. This proves
that the Sn state was not altered by O vacancy formation.
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Figure S3(a, b) O1s XPS spectra of As-implanted sample (a) and Sh-doped sample (b).
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Figure S4 Sn3d XPS spectra of As-implanted (the broken line)
and Sbh-doped SnO: films (the solid line).
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S4 Temperature dependences of thermoelectric properties

We show temperature T’ dependences of S and o of As-implanted samples (7~3x10" ¢cm™) and
those of Sb-doped samples (n~1x10' cm™) [6], as shown in Figure S5.

In the case of As-implanted samples, undoped SnOz layer may contribute to electrical conduction.
Therefore, we removed the contribution of undoped SnOz2 layer on the basis of parallel conduction model;
Gmeasure=GAs-imp+Gund0ped and Smeasure(GAs-imp+Gundoped)z(SAs-impGAs-imp+SundopedGundoped), where Smeasure and
Gmeasure are the measured Seebeck coefficient and the measured sheet electrical conductivity, respectively,
and Sas-imp (GAs-imp) and Sundoped (Gundoped) are Seebeck coefficients (sheet electrical conductivities) of As-
implanted SnO2 layer and undoped SnO:z layer, respectively. Sundoped and Gundoped are the measured values
of undoped epitaxial SnO2 film/r-Al203.

We estimated Sas-imp and Gas-imp on the basis of parallel conduction model using the results of
Smeasure, Gmeasure, Sundoped, aNd Gundoped. As a result, Sas-imp (the solid squares) were almost equal to Smeasure
(the cross marks) (Figure S5a). Gas-imp were also almost equal to Gmeasure; Figure S5a shows that the
electrical conductivities of As-implanted SnO2 layer oas-imp (the solid circles) were almost equal to the
measured electrical conductivities omeasure (the open diamonds).

The oas-imp Values were lower than the o values of the Sb-doped SnOz2 films in the entire T range.
This is attributed to mobility reduction coming from effective mass increase. On the other hand, Sas-imp
values were almost equal to S values of the Sb-doped SnO: films in the entire T range although n of As-
implanted samples at room temperature was larger than that of Sh-doped samples. This can also be
explained by effective mass increase. Although S?c of As-implanted samples were slightly lower than
those of Sb-doped samples, S?cof As-implanted samples were kept to be high in the entire T range (Figure
S5b) by maintained high S related to effective mass increase.
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Figure S5 (a, b) T dependences of S (a), o (b) in Sb-doped samples and As-implanted samples with the
dose amount of 1x10* cm2 with and without contribution of undoped layer. In (a), the solid circles (the
open circles) and the solid squares (the open squares) are Sas-imp (S of Sh-doped samples) and oas-imp (o
of Sb-doped samples), respectively. The open diamonds and the cross marks are omeasure and Smeasure,
respectively. In (b), the open and the solid triangles are S?c of Sh-doped samples and As-implanted
samples with the dose amount of 1x10'* cm2 without contribution of undoped layer, respectively.
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S5 Calculation of Lorenz number

Lorenz number L was calculated on the basis of Boltzmann transport theory under relaxation time
approximation and single parabolic band approximation with density-of-states effective mass ma of
0.38mo (mo is free electron mass) [7] as follows;

1 KoKy-K3
= .
@M Kj 59
In eq (S8), Ky (v=0, 1, 2) is described as follows;
_(" v of(S)
K= aoEq) o (-5 7) e (59).

where £is reduced energy of carrier, & is reduced Fermi energy of carrier, z(¢) is carrier relaxation time,
g(&) is carrier density-of-states, and f{ &) is Fermi-Dirac distribution function. The (&) can be assumed to
be proportional to &2 because the ionized impurity scattering process mainly contributes to carrier
transport, as shown in Figure 4c in the main text. From eqs (S8) and (S9), we calculated the theoretical n-
L curve at 7=300 K. Figure S6 shows the calculated L as a function of n. The electronic thermal
conductivity xel was calculated using this n-L curve.
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Figure S6 Calculated L as a function of n.
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S6 Detail of lattice thermal conductivity calculation
The theoretical lattice thermal conductivity xat is described on the basis of Debye-Callaway

model as follows;

kg (kgT\> (Op/T  xte*
ka5 (5) " T (510),

where kB is Boltzmann constant, v is average sound velocity, 7 is reduced Planck constant, x is reduced
phonon energy, éb is Debye temperature, and 7 is the combined relaxation time of phonon. The 77!is
written as 7 '=zmp '+ 7um’! through Matthiessen’s rule, where zmp! and rum! are relaxation rates of
impurity scattering and Umklapp scattering, respectively. According to the previous studies [8, 9], zimp™'
and 7um’! are given by zimp'=(VaI/4nv3)(keT/A)*x* and zum?i=(ke?yc?/(AMav?6b))x2T3exp(-6b/(3T)),
respectively, where Vav is average atomic volume, jc is Griineisen parameter, and Ma is average mass of
the compound. The I"is disorder parameter described as I'=I'm+I’s, where I'm and I's are scattering
parameters due to mass and strain field fluctuations, respectively [10, 11]. I'm and I's are calculated using
the following equations:

2

Fo=Zici (52) Tim (S11),
iy 2

r :Z_f( ﬁ) (S12)

1,m ] 7] M >

7 2

[=Xic (Z) T (S13),
2

r= %6 (1-2) (314),

where M; (7;) is average atomic mass (size) for the ith sublattice, c; is relative fraction for the ith sublattice,
r, is average atomic size of the compound, m; (1) is the jth atomic mass (size) on the ith sublattice, and f;

is the jth atomic fraction on the ith sublattice. The theoretical xiat was calculated using these eqs (S10)-
(S14) with the input parameters shown in Table S3.
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Table S3 Input parameters for calculating xiat of SnOo.

Parameters Description Values
v Average sound velocity 4300 ms'*
&b Debye temperature 570K
Vav Average atomic volume 7.15%102 m?3
6 Grlneisen parameter 0.98
(Average value of
0.79 and 1.18
[12])
Msn Mass of Sn atom 1.97x10% kg
mo Mass of O atom 2.65x10% kg
Mas Mass of As atom 1.24x10% kg
I'sn Radius of Sn atom 145 pm
ro Radius of O atom 48 pm
raAs Radius of As atom 114 pm
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