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ABSTRACT

Development of a high-performance, p-type oxide channel is crucial to realize all-oxide complementary metal-oxide semiconductor technol-
ogy that is amenable to 3D integration. Among p-type oxides, a-SnO is one of the most promising owing to its relatively high hole mobility
{as high as 21 cm? V7! 57! has been reported [M. Minohara et al., ]. Phys. Chem. C 124, 1755-1760 (2020)]}, back-end-of-line compatible
processing temperature (<400 °C), and good optical transparency for visible light. Unfortunately, doping control has only been demonstrated
over a limited range of hole concentrations in such films. Here, we demonstrate systematic control of the hole concentration of a-SnO thin
films via potassium doping. First-principles calculations identify potassium substitution on the tin site (Ksy) of a-SnO to be a promising
acceptor that is not (self)-compensated by native vacancies or potassium interstitials (K;). We synthesize epitaxial K-doped a-SnO thin films
with controlled doping concentration using suboxide molecular-beam epitaxy. The concentration of potassium is measured by secondary ion
mass spectrometry, and its incorporation into the a-SnO structure is corroborated by x-ray diffraction. The effect of potassium doping on the
optical response of a-SnO is measured bgr spectroscopic ellipsometry. Potassium doping provides systematic control of hole doping in a-SnO
thin films over the 4.8 x 107 to 1.5 x 10* cm™ range without significant degradation of hole mobility or the introduction of states that absorb
visible light. Temperature-dependent Hall measurements reveal that the potassium is a shallow acceptor in a-SnO with an ionization energy
in the 10-20 meV range.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0288742
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INTRODUCTION

Oxide-based thin-film transistors (TFTs) have great potential
in transparent electronic applications. While n-type oxide semicon-
ductors have already been extensively applied in flat-panel displays
and flexible electronics,”” the development of p-type oxides is cru-
cial to enable complementary metal-oxide semiconductor (CMOS),
a key component of energy-efficient integrated circuits. Back-end-
of-line compatible p-channel field-effect transistors have been iden-
tified as a key ingredient for disruptive scaling of devices by vertical
integration.” ~ The potential for power savings is similar to the
100-1000 times less power used by CMOS compared with the
n-type metal-oxide semiconductor (NMOS) in silicon transistor
technology.”® Owing to the localized nature of O 2p orbitals, p-type
oxides must employ hybridization of the O 2p orbitals with filled
cation s-/d-orbitals (such as Sn**, Bi**, and Cu™) to form disper-
sive valence bands.””’ Among such candidates, a-SnO is one of the
most promising p-type materials relevant to industrial applications
due to its relatively high hole mobility, good optical transparency
in the visible light region, and back-end-of-line (BEOL) compatible
processing temperature. A record Hall mobility of 21 cm* V™' 57!
has been demonstrated for a-SnO films synthesized by pulsed-laser
deposition on yttria stabilized zirconia (YSZ) substrates,'’ and a
field-effect mobility up to 7.6 cm* V™' s™" has been reported for
sputtered SnO TFTs with HfO, gate dielectrics.'' The p-type nature
of undoped SnO films is attributed to native defects, such as Sn
vacancies (Vsa) or unintentional incorporation of hydrogen.'”"”
Although a relatively high mobility has been achieved in undoped
SnO films, the range of hole carrier control achieved was only (0.5-1)
x 107 cm™>,'% which is insufficient for most devices. To improve the
electrical properties for technical adoption, better control of the car-
rier concentration through extrinsic doping, in contrast to intrinsic
native defects, is needed.

Recent advances in theoretical methodologies and computa-
tional power have allowed an extensive search for useful dopant
elements in a-SnO."* Among the identified dopants, experimental
studies have focused on Na™, K+, Ga*", Y>*, Sb>*, and La>*.""~"
Though Hosono et al.'® established that Sb>* was an n-type dopant
in SnO as expected for the substitution of a cation with higher
valence onto the Sn**-site of SnO, La’*, Y’*, and Ga’* doping
have been reported to enhance the p-type conductivity.'"'” Mean-
while doping with K™ has been reported to suppresses the hole
concentration,'” while doping with Na* increases the hole con-
centration as expected for the substitution of a cation with lower
valence onto the Sn*"-site of SnO.?’ Such inconsistencies between
theory and experiment highlight the challenges of producing doped
SnO thin films with controlled carrier concentration, i.e., controlling
dopants to occupy desired substitutional sites or suppressing charge
compensation from the interplay between charged defects.

Motivated by the calculations of Grauzinyté et al.'* showing
that potassium is likely to be the best p-type dopant for a-SnO,
we use a deposition method with a simpler reaction pathway than
has been used before for K-doped a-SnO films to see if the pre-
dicted benefits of potassium as a dopant can be realized. These
predicted benefits include (1) the second-lowest formation energy
of all dopants for substitution onto the Sn**-site of a-SnO (Ks,), (2)
an ionization energy calculated to be <100 meV, and (3) in contrast
to the dopant with lowest formation energy, sodium, substitution of
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potassium is predicted to not give rise to any defect states in SnO
that would absorb visible light."* This means that potassium should
be a p-type dopant that does not degrade the optical transparency of
a-SnO films.

Prior studies of potassium doping in SnO films utilized solely
solution-based processing methods.'”** In the first study, the high
potassium doping (5%-30%) studied led to all of the K-doped films
showing two crystalline phases in x-ray diffraction (XRD): a-SnO,
and what was tentatively identified as K;Sn,03.”” In the second
study, potassium doping was found to result in the formation of the
metastable orthorhombic polymorph of B-SnO (also known as red
SnO), so rather than studying K-doped a-SnO (also known as black
Sn0O), what was studied was K-doped p-SnO."

In this paper, we demonstrate systematic modulation of the
carrier concentration in K-doped a-SnO thin films grown by sub-
oxide molecular-beam epitaxy (S-MBE). We synthesized K-doped
SnO thin films under BEOL-compatible conditions (at a substrate
temperature of <375 °C) utilizing a molecular beam of the suboxide
SnO. Our films remain single-phase and epitaxial with the addi-
tion of potassium dopants, where the concentration of dopants is
measured by secondary ion mass spectroscopy (SIMS). The p-type
conductivity is successfully controlled by potassium doping; potas-
sium enhances the hole density by nearly two orders of magnitude,
while impurity scattering leads to a relatively small decrease in the
hole mobility. This agrees with our first-principles calculations that
potassium dopants prefer (1) to substitute on the Sn**-site of a-
SnO, providing holes not compensated by native defects, and (2)
the calculated mobility decreases with increasing hole density due
to ionized impurity scattering. The optical bandgap measured by
spectroscopic ellipsometry remains nearly constant as the potassium
concentration is varied showing that no highly absorbing defect level
is induced in the midgap. Our results suggest that potassium effec-
tively substitutes on the tin site and provide holes that can enhance
the p-type conductivity by ~25 times.

METHODS
Band structure and defect calculations

First-principles calculations were based on hybrid density func-
tional theory (DFT) using the projector augmented wave (PAW)
method and the Heyd-Scuseria-Ernzerhof (HSE06) functional as
implemented in the Vienna ab initio Simulation Package (VASP).”
In all calculations, the Perdew-Burke-Ernzerhof (PBE) pseudopo-
tentials’* and a plane wave energy cutoff of 500 eV were employed
with Sn 5s%5p%, O 25*2p*, and K 3p°4s' treated as valence elec-
trons. The band structure of the bulk a-SnO was calculated with
a fully relaxed primitive cell and a I'-centered 4 x 4 x 3 Brillouin
zone sampling grid. We used the standard mixing parameter of 25%
in HSE06,” which produces an indirect bandgap (Eg) of 0.75 eV
and lattice parameters of a = 3.793 A and ¢ = 5.005 A. The calcu-
lated bandgap and lattice parameters show good agreement with the
experimental values (Eg = 0.7 eV, a = 3.801 A, and c = 4.835 A))zo,r
albeit ~3% overestimation of the interlayer distance.

Defect calculations were performed with 3 x 3 x 2 supercells
(i.e., 72 atoms) and a I'-centered 2 x 2 x 2 Brillouin zone sampling
grid. All defect structures were relaxed with HSE06 until the forces
on the ions were less than 0.02 eV/A. Spin polarized calculations
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were performed for defect structures with unpaired electrons. The
formation energy of a point defect is determined by the scheme of
Freysoldt et al.”® The correction energy for the unphysical electro-
static interaction between periodic charged defects was calculated
with the SXDEFECTALIGN code,” and the static dielectric con-
stant of 17.7 was used."* The limits on chemical potentials were
bounded by the stability condition of the solid, ie., pysn + po
= AH/ (Sn0O), and set to the oxygen-poor limit to simulate our exper-
imental synthesis condition. Formation of the K4SnOy4 secondary
phase was considered to calculate Aux. The calculated values for
AHf(SnO) and AHf(K48nO4) are —2.556 and —13.998 eV, respec-
tively. For the potassium defect substituting on the tin site (Ks,), the
formation of hole polarons is considered by distorting the defect site
and relaxing the structure by breaking the symmetry. The calculated
polaronic state is 1 meV higher in energy compared to the undis-
torted structure, indicating that the formation of a polaron is not
likely.

Mobility calculation

e Drude’s model
We calculate mobility considering various scattering mech-
anisms. Phonon-limited mobility in a perfect single crystal
of a-SnO is predicted in our previous work.”’ In this paper,
we investigate how charged impurities influence the mobil-
ities as a function of defect concentration. Ionized impurity
scattering modeling was based on the Conwell-Weisskopf

approach,’’ in which the electron relaxation time is
given by*’
o & 2
o(B) = V2 E N (142 - L |ED, )

Nﬂq 1+ yz

where E is the energy of electron hole, m”* is the effec-
tive mass, ¢ is the dielectric constant, Ny is the concen-
tration of ionized impurity charge, g is the elementary

J

CONNR <O 2
rnkﬂmkw = Z ?‘gmm;(kr‘lﬂ x

where h is the reduced Planck constant, gmm(k,q) is the
electron-phonon (el-ph) matrix element for the scattering between
Kohn- Sham states nk and mk + q via the phonon of wavevector q in
branch v, > ngv denotes the Bose-Einstein occupation of this mode,
Wy is the corresponding vibrational frequency, and e, and &yk4q
denote the band eigenvalues obtained from the mean-field DFT or
many-body method within the GW approximation. The electronic
band structure, phonon band structure, and el-ph matrix elements
are interpolated from coarse to very dense grid in the Brillouin zone
employing the Wannier—Fourier interpolation technique.”

The interpolation of gun(k,q) needs to be implemented
with caution for polar materials, in which the long-range dipole
electric field induced by LO phonon creates divergence at long

ARTICLE pubs.aip.org/aip/apm

charge, y* = 8m*EL} /2, and Lp is the Debye length. Elec-
tron mobility is then calculated based on the Drude model,
_ @)

LY, where (1) is the average relaxation time con-

51der1ng all electronic states at different energy states E,
) = [ D(E)f(E)1(E)dE, where D(E) is the density of states

and f(E) is the Fermi-Dirac function.’

e Ab initio Boltzmann transport equation
The fully detailed derivation of the ab initio Boltzmann
transport equation (aiBTE) formalism can be found in Refs.
33 and 34. Here, we briefly rewrite the theory and computa-
tional steps implemented in this work. The carrier mobility
tensor, in the weak electric field limit, is calculated as

kO f ks 2
nQNk;Uk g f nk (2)

Hap =
where the Greek indices indicate Cartesian directions, n. is
the carrier density, ) is the volume of the crystal unit cell,
Ny is the number of electron wavevectors k in a uniform
Brillouin zone grid, v,k denotes the electron group velocity
along the Cartesian direction « for the electronic state with
band n and wavevector k, and 8Eﬂ f nk is the derivative of the
carrier occupation function with respect to the f-component
of the electric field, evaluated at vanishing field. The varia-
tion O, f ux is obtained from the self-consistent solution of

the aiBTE,
o 1
'Ufk 8{”" = ﬁ Z (rmk+qﬂnk6E,;fmk+q - rnkﬁml&an/{fnk),

q mq

where e is the electron charge, f2, denotes the Fermi-Dirac
occupation of the state nk, Ny is the number of phonon
wavevectors q in the Brillouin zone grid, and T'uk—mkiq
denotes the scattering rate from the state nk to the state
mKk + q.

The electron-phonon scattering rate is written as

[(”qv +1- f(r)nk+q)8(£nk — Emk+q ~ hqu) + (nqv + f?nk+q)6(£nk ~ Emk+q t hqu)]: (4)

wavelength.””® Moreover, we also considered the impact of a
dynamical quadrupole™ " relating to piezoelectric effects.”!
For ionized impurities, we developed an ab initio method to

calculate the ionized-impurity scattering rate as in Ref. 42,

I(umk+qle )

2
r(,,) ~ i 2metZ
hEOQ G+—q |(q+ G) - & (q+ G)|

6(£nk - 8mk-*—q))

&)
where iy is the impurity concentration, €y and ¢’ are the vac-
uum permittivity and the electronic dielectric permittivity tensor,
respectively. G denotes the reciprocal lattice vectors, and u is
the lattice-periodic part of the Kohn-Sham state. We note that

nk—mk+q ~
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Eq. (5) was formulated via the Kohn-Luttinger ensemble average
procedure.*

The grain boundary scattering is also treated via simple model.
Given the carrier velocity vk, the scattering rate in this model is

Fr(lid) = |vnk|/L, where L is the grain size. This model has been widely

used for thermal transport.”*® The grain size L is set as an external
parameter.

The DFT calculations are performed using the PWscf code in
the Quantum ESPRESSO suite.””** We employ the PBE exchange-
correlation functional.”* Structural optimization is obtained with
the k-mesh of 10 x 10 x 8, criteria for force <2.5 x 107* eV/A,
pressure <0.05 kbar, and total energy <1.5 x 107° V. We utilize opti-
mized norm-conserving pseudopotentials*’ from the PseudoDojo
library”” with a plane wave kinetic energy cutoff of 96 Ry as rec-
ommended. The phonon calculations are performed on a coarse
q-mesh of 5 x 5 x 4 within the Density Functional Perturbation
Theory (DFPT) using the PHonon code in Quantum ESPRESSO
suite.”"" We note that the spin—orbit effect does not modify the
electronic structure of a-SnO, thus it was neglected in our calcula-
tions. The quasiparticle GW calculations are implemented using the
BerkeleyGW code.’’”” We employ a dielectric matrix kinetic energy
cutoff of 25 Ry, 420 empty bands for the summation over states, and
the Hybertsen-Louie plasmon-pole model. The GW band structures
are used to obtain more accurate band curvature (see Fig. S1), which
are then used to solve the aiBTE Eq. (3). The quadrupole tensor is
calculated using the method in Ref. 53 via the ABINIT code (see
Table S1).>* The electronic band structure, phonon band structure,
and el-ph matrix element are interpolated on very dense wavevec-
tor grids of 90 x 90 x 72 for both holes and phonons in the EPW
code.”® The charge state of ionized impurities is Z = -1, representing
the fact that Ks,, acceptors are used in our experiments; the ionized-
impurity density is #imp = n.. The grain size L is chosen between 100
and 200 nm as observed in the AFM image (see Fig. S2). The aiBTE
is solved self-consistently using the EPW code.”

Thin film synthesis

Thin films of K-doped a-SnO are synthesized on the (001)-
oriented yttria-stabilized cubic zirconia (YSZ) substrates containing
9.5mol. % Y203 by S-MBE. The SnO, powder (Alfa Aesar, 99.996%)
is used as the source material to create a pre-oxidized molecular
beam of SnO. SnO is an ideal molecular beam from which a-SnO
films can be grown because the molecular species arrive to the
substrate pre-oxidized in the desired Sn?* oxidation state.”*”” The
thermodynamic calculations of the vapor pressure of SnO emanat-
ing from SnO; indicate that at typical S-MBE growth rates, the vapor
pressure of SnO is over four orders of magnitude higher than any
other species, meaning that the SnO molecular beam is more than
99.99% SnO.”***” The dominance of the SnO (g) in the molecular
beam emitted by a crucible containing SnO> (s) has been observed
experimentally using mass spectrometry, where the gas and solid
phases are denoted by (g) and (s), respectively.”® We refer to this
approach of growing epitaxial films from suboxide molecular beams
as suboxide MBE.””"*" Using S-MBE, the difficulty of trying to
oxidize a tin molecular beam with just the right amount of oxy-
gen, oxygen plasma, NO, or ozone to achieve Sn** —the traditional
MBE approach that has never succeeded in producing phase-pure
SnO"" "' —is overcome. The flux of SnO is varied from 2 x 10"

pubs.aip.org/aip/apm

to 7 x 10" molecules/(cm® s) [as measured by a quartz crystal
microbalance (QCM)] to measure the effect of the SnO flux on film
roughness. The background pressure during growth ranges from
1 x 1077 to 7 x 1077 Torr depending on the SnO flux. The back-
ground pressure includes all species emitted from the SnO; (s)
source and no additional oxygen-containing species (i.e., no addi-
tional O,, O3, or plasma) are supplied. Prior to film deposition,
the YSZ substrates are laser-annealed at 1200 °C for 200 s in ozone
(~10% O3 + 90% O,).°* The films are all grown at substrate tem-
peratures ranging from 285 to 375 °C and consist of a 10 nm thick
unintentionally doped a-SnO buffer layer followed by a 50 nm thick
K-doped a-SnO layer. The samples are labeled by A#, where # = 1,
2,...,21. The substrate temperature and the potassium effusion cell
temperature for each sample are indicated in Table S2. After finish-
ing deposition, the films are cooled with the shutter of the potassium
effusion cell open to minimize the loss of potassium from the sample.
The potassium dopant is supplied from an effusion cell contain-
ing an In4K intermetallic compound prepared in a nitrogen-filled
glovebox before loading (in air) into the MBE system.®” The con-
centration of potassium in the films is controlled by varying the
temperature of the effusion cell from 25 to 260 °C. X-ray diffraction
(XRD) is measured using a Malvern Panalytical Empyrean four-
circle diffractometer with a 1.5406 A Cu Ka; source. The Hall effect
measurements are performed in a van der Pauw geometry at room
temperature on the 10 x 10 mm?® samples with indium contacts
deposited on the corners.*

Spectroscopic ellipsometry

Ellipsometric spectra in terms of N = cos 2y, C = sin 2y cos 4,
and S = sin 2y sin A are collected for epitaxial SnO films over a pho-
ton energy range of 0.73-5.87 eV at 50°-70° angles of incidence
in 5° intervals using a single rotating compensator multichannel
ellipsometer(ﬂ"\' (J.A. Woollam Co., M-2000FI), where tan y and
A are the amplitude ratio and phase difference between the elec-
tric field components polarized parallel and perpendicular to the
plane of incidence, respectively. Data analysis is performed using the
CompleteEASE software (J.A. Woollam Co.). The complex dielec-
tric function (¢ = & + ie;) spectra and the structural parameters
are determined using the divided spectral range analysis.”" " The
structural model includes a semi-infinite YSZ substrate, interface,
epitaxially grown thin film, and a surface layer. The reference spec-
tra in € of the YSZ substrate have been previously obtained.”* Spectra
in ¢ of the surface layer are represented using a Bruggeman effec-
tive medium approximation consisting of 0.5 void and 0.5 bulk film
volume fractions.”” Spectra in ¢ of the interface layer are also repre-
sented by a Bruggeman effective medium approximation consisting
of variable fractions of void and epitaxial film; this layer represents
a lower optically dense material near the substrate/epitaxial film
interface.

In divided spectral range analysis, the ellipsometric spectra
are divided into photon energy ranges from 0.73 to 2.3 eV and
2.9-5.87 eV corresponding to spectral regions, where these thin films
are optically transparent and heavily absorbing, respectively. Spectra
in € in the transparent region are fitted with a Sellmeier expres-
sion’® and a constant additive (eo) term to & fixed at 1. In the
highly absorbing region above the bandgap, spectra in ¢ are rep-
resented by the critical point parabolic band (CPPB) oscillators, a
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Sellmeier expression, and ¢ = 1.”” Both transparent and highly
absorbing spectral regions are fitted simultaneously by using the
respective parametric model to describe ¢ in that spectral region with
common structural parameters, which include the bulk film, surface
layer, and interface layer thicknesses and the relative void fraction in
the interface layer. Numerical inversion’® is then performed using
the structural parameters from the divided spectral range analysis to
obtain ¢ over the full measured spectral range for all samples.

RESULTS

We first predict the band structure, p-type dopability with
potassium doping, and doping concentration-dependent hole
mobility of a-SnO using the first-principles calculations. Figures 1(a)
and 1(b) compare the HSE06-calculated band structures and wave-
functions of SnO; and a-SnO, respectively. While the valence band
maximum (VBM) of SnO; is composed of the localized O 2p orbitals
as represented in the inset figure, the VBM of a-SnO is composed
of the hybridization between O 2p and Sn 5s orbitals, resulting in
a highly dispersive VBM. Figure 1(c) shows the formation energy of
potassium defects in potential defect sites along with the native point
defects as a function of the Fermi energy. For native point defects, we
considered tin and oxygen vacancies (Vs, and Vo) as they have been
reported to be the dominant native defects of a-SnO that are electri-
cally active in previous studies.”'* In addition, we assumed that the
commonly present impurities, such as hydrogen or nitrogen, are not

pubs.aip.org/aip/apm

likely to incorporate in our experimental conditions as the base vac-
uum of our growth chamber remains relatively low (<8 x 10~ Torr)
and the growth of a-SnO thin films results from a condensation of
SnO (g) from a molecular beam without any additional gas supply.
We predict Vs, is an acceptor-type defect with an acceptor ioniza-
tion energy of 72 meV, while Vo is a deep donor defect with a donor
ionization energy of 0.395 eV. These results agree well with the pre-
vious report by Varley et al.' In the absence of extrinsic dopants, the
Fermi energy is pinned at merely 0.234 eV above the valence bands,
suggesting the intrinsic p-type nature of a-SnO.

We next calculate the formation energy of potassium defects
in possible defect sites, i.e., potassium substitution for tin (Ksn),
potassium substitution for oxygen (Ko), and interstitial potassium
(Ki), as illustrated in Fig. 1(c). For Kj, we calculate two potential
interstitial sites between the interlayers and plot the one with the
lowest formation energy. We predict Ks, is an acceptor with an
ionization energy of 86 meV and has the lowest formation energy
over the entire Fermi energy range among the possible defects we
studied (including native defects). The predicted ionization energy
value is very close to that of Ks, reported by Ref. 14 (between 49
and 93 meV). Any difference might arise from the fact that Ref. 14
used a larger supercell containing 192 atoms and the structure is
relaxed using a PBE functional. Our study suggests that Ks, is an
excellent acceptor dopant that is not likely to be compensated by
native defects. Assuming Ty, = 375 °C (the deposition temperature
in our experiment), we used an Arrhenius equation to calculate the

FIG. 1. [(a) and (b)] Calculated band
structure, conduction band minimum
(CBM), and valence band maximum
(VBM) wavefunctions of SnO, and
a-SnO, respectively, highlighting that the
VBM of SnO, is composed of O 2p
orbitals, while the VBM of a-SnO is com-
posed of the hybridization between the O
2p and Sn 5s orbitals. The inset figures
show the crystal structure and charge
density of SnO, and a-SnO (Sn colored
in blue—gray and O in red). The figures
in the blue box display the charge den-
sity at the bottom of the conduction band,
while the figures in the red box indi-
cate the charge density at the top of the
valence band. The value of the isosur-
face is chosen to be 10% of the high-
est charge density value. (c) Formation
energy of potassium defects and intrinsic
point defects as a function of the Fermi
level under an extremely oxygen-poor
condition [i.e., go = AH'(SnO)].
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solubility of Ksp in a-SnO. The resulting predicted solubility of Kg,
in a-SnOis 2 x 10%° atoms cm >, at which the Fermi energy is pinned
at 86 meV above the valence band. This suggests that the theoret-
ical limit of hole concentration (n;) by potassium doping at room
temperature is 8 x 10'® cm™. Although K; and Ko are donor-type
defects near the valence bands, they have formation energies more
than 2.5 eV higher than that of Ksy; therefore, self-compensation is
not likely.

Next, we synthesize K-doped SnO thin films by S-MBE on YSZ
(001) substrates with varied potassium doping concentrations by
varying the temperature of the potassium effusion cell (T effusion cell)-
Figure 2(a) shows the x-ray diffraction of a representative K-doped
a-SnO thin film (Tk effusion cell = 260 °C). The film is (001) oriented
with an epitaxial relationship of (001) SnO || (001) YSZ and [100]
SnO || [110] YSZ in agreement with prior work.”” Despite the incor-
poration of the potassium dopant, the SnO remains a-SnO, and no
impurity phases are observed for the full range of dopant concentra-
tion studied in this work. Nonetheless, we observe the formation of
(110)- and (101)-oriented a-SnO and K-Sn-O related compounds
for TK effusion cel > 260 °C (Fig. S3). For all K-doped SnO thin films
grown at T effusion cell < 260 °C, streaky reflection high-energy elec-
tron diffraction (RHEED) patterns are observed throughout the
deposition [Fig. 2(c)], showing that the film is epitaxial and has a
relatively smooth surface.

pubs.aip.org/aip/apm

The atomic force microscopy image in Fig. 2(b) shows that our
films remain smooth with an rms roughness of 2.2 nm after potas-
sium doping. The supplementary material AFM image in Fig. S2
reveals the presence of growth spirals, where the diameter of grains
ranges from 100-200 nm. Such spirals are often seen in the het-
eroepitaxial growth of layered materials, where the center of the
spiral corresponds to where a threading dislocation with a screw
component intersects the film surface.””"’ The incoherent meeting
of growth fronts is thought to be responsible for the nucleation of
growth spirals in other layered materials® ** and is also the likely
nucleation mechanism for the dislocations in these a-SnO films. We
observed the density of growth spirals to increase with the flux of
both SnO and potassium, which is consistent with the notion of an
increased opportunity for the incoherent meeting of growth fronts
as the growth rate increases. In the case of undoped SnO grown
at a low SnO flux of 2 x 10*? molecules/(cm? s), the film has an
rms roughness of 0.80 nm [see AFM image in Fig. S2(a)] and a spi-
ral density of 1.3 x 10° cm™. When the SnO flux is increased to
1 x 10" molecules/(cm” s), we observed a higher density of growth
spirals (3.1 x 10° cm™2) [Fig. S2(b)]. On the other hand, despite
of low SnO flux [2 x 10'2 molecules/(cm? s)], we observe a simi-
larly high density of growth spirals around 1.5 x 10° cm™ when
potassium is supplied [Figs. S2(c) and 2(b)], suggesting that the
increased potassium flux can accumulate at a growth front and
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FIG. 2. (a) Symmetric 6-20 x-ray diffraction scan, (b) atomic force microscopy, and (c) RHEED patterns observed along the [100] and [110] azimuths of a 60 nm-thick
K-doped a-SnO thin film (Sample A18) grown on a YSZ (001) substrate with Tx effusion cell = 260 °C. The peaks from the substrate are denoted by asterisks. (d) Out-of-plane
planar spacing (dgo1) of K-doped a-SnO thin films as a function of Tk efusion el determined from the 004 a-SnO peaks in the symmetric x-ray diffraction scan. (e) FWHM of

the x-ray rocking curve (Aw) of the 004 a-SnO peak as a function of Tk efyusion cell-

APL Mater. 13, 101114 (2025); doi: 10.1063/5.0288742
© Author(s) 2025

13, 101114-6

00:62:€2 920z Asenuer zo


https://pubs.aip.org/aip/apm
https://doi.org/10.60893/figshare.apm.c.8048770

locally decrease the growth rate of a section of the growth front,
i.e,, locally “poison” the advancement of the growth front. When the
faster moving sections of the growth front later recombine beyond
the poisoned region, they may no longer be aligned, giving rise
to a screw dislocation.” " We also observe that growth spirals
facet along the in-plane (100) directions of a-SnO. The diameter of
grains measured by AFM is used for the hole mobility calculation
limited by grain boundary scattering.

In Fig. 2(d), we observe a gradual shift of the 26 x-ray diffrac-
tion peak position of the K-doped a-SnO thin films to lower angle
with increasing Tk effusion cell, Which provides evidence for the incor-
poration of K in the a-SnO thin films. Due to the larger ionic
radius of 4-coordinated K* (151 pm) compared to 4-coordinated
Sn** (95 pm),* increasing the potassium doping concentration is
expected to enlarge the lattice parameters of a-SnO. Experimentally,
the out-of-plane planar spacing (doo1) of K-doped SnO thin films as
a function of T effusion cell 1S determined by a Nelson-Riley analysis®’
of the 26 position of the 00¢ a-SnO peaks in the symmetric x-ray
diffraction scan. We measure doo; of the a-SnO thin films to increase
by 0.16% at Tk effusion cell = 250 °C. The measured strain is also plotted
as a function of the K concentration in Fig. S4, where the K con-
centration is determined by SIMS measurement. The incorporation
of the potassium dopant into a-SnO thin films is also evident from
the broadening in the FWHM of the rocking curve measured for
the a-SnO 002 peak in Fig. 2(e) as the temperature of the potassium
effusion cell is increased. The FWHM of the rocking curve for the
a-SnO thin film without dopants is 0.60°, but increases sharply with
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increasing potassium dopant concentration (1.86° at Tx effusion cell
=260 °C). This indicates that the increased concentration of potas-
sium dopants may cause local strains and perturb crystallinity due to
the larger ionic size.

The atomic structure of K-doped a-SnO thin films is measured
by scanning transmission electron microscopy (STEM) in Fig. 3(a).
From the high-angle annular dark-field (HAADF) STEM image, it
is hard to distinguish the interface between the K-doped a-SnO
layer and the undoped a-SnO layer (10 nm away from the SnO/YSZ
interface), demonstrating that good crystallinity is maintained in the
a-SnO thin films despite the incorporation of potassium dopants.
No evidence of dopant clustering or the formation of an impurity
phase is observed.

To determine the concentration of the potassium dopants, we
employed SIMS. Immediately prior to the SIMS analysis, the samples
were cleaned with methanol followed by absolute ethanol to remove
any potassium contamination on the film surface. Figure 3(b) shows
the measured potassium concentration profile as a function of film
depth, where the film surface is positioned at 0 and the K-doped
SnO/SnO interface is indicated by the arrows. Calibration standards
made by ion implanting potassium into undoped a-SnO films grown
under the same S-MBE conditions were used to quantify the potas-
sium concentration in the SIMS measurements. The position of the
interface to the (001) YSZ substrate was determined by monitoring
the yttrium signal in SIMS. Clearly, increasing Tk effusion cell inCreases
the concentration of potassium (except for Tx effusion cell = 250 °C),
suggesting that the dopant concentration can be roughly controlled

T T T v T v v 5
——160 °C (A6) —— 200 °C (A7) —— 200 °C (A8) —— 207 °C (A9)
220 °C (A11) 235 °C (A12) —— 250 °C (A13)

——210 °C (A10)

o

30
Depth profile (nm)

40 50 60 70 80

FIG. 3. (a) Scanning transmission electron microscopy image of a K-doped a-SnO thin film (T efiusion cet = 260 °C) grown on a YSZ (001) substrate. (b) Potassium
concentration profile measured by SIMS as a function of film depth for a-SnO films grown at varying temperatures of the potassium effusion cell, compared with the intensity
of Y and Zr. The position of the interface between the YSZ substrate and the a-SnO layer is marked by dotted vertical lines of the same color as the corresponding K-doped

sample.
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by the effusion cell temperature. The maximum concentration of
potassium measured from SIMS is 5.3 x 10" em™ at Tk effusion cell
= 235°C, which is close to the solubility limit of potassium pre-
dicted by theory. We further fabricated a SIMS stack composed of
three layers of 50 nm-thick undoped a-SnO separated by three lay-
ers of 50 nm-thick K-doped a-SnO with varied Tk effusion cenl (233 °C,
246 °C, and 260 °C, respectively) and measured the resulting SIMS
profile in Fig. S7. The potassium concentration is clearly distin-
guished for each layer and increases with Tk effusion cell> Verifying that
the potassium concentration can be controlled by the effusion cell
temperature.

Next, Hall effect measurements are carried out on the K-doped
a-SnO thin films with varied potassium concentrations (Fig. 4).
We first observe that the unintentionally doped a-SnO thin films
grown under the same conditions as the K-doped films exhibit
hole conductivity (p = 2.80 Q cm) with nj, = 5 (x1) x 107 ¢m™
and g = 8 + 2 cm® V7' 57!, which may originate from the
presence of native acceptor-type defects, such as tin vacancies.'”
For K-doped a-SnO thin films, we start to observe a noticeable
change of hole conductivity at Tk effusion e > 200 °C. At 200°C <
TK effusion cell < 250 °C, the resistivity decreases, and the hole den-
sity increases exponentially with the cell temperature [Figs. 4(a) and
4(b)]. The exponential increase of n;, with Tx effusion cel 1S expected
due to the exponential dependence of molecular beam flux on cell
temperature. The measured hole concentration of the K-doped a-
SnO thin films at Tk effusioncell = 250 °C is 1.4 x 10" cm™, ~35
times higher than the undoped a-SnO thin films. In the measured
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doping range (4.3 x 107-1.5 x 10" cm™), the hole mobility
decreases monotonically (from 7.7 + 2.4 to 3.7 + 0.1 cm? vis™h
with carrier density. This can be explained by ionized impurity scat-
tering, which is the dominant scattering mechanism of a-SnO in
the high carrier concentration range (n, > 107 cm™).1° The suc-
cessful control of hole carriers by changing the potassium dopant
concentration demonstrates that K* substitutes for Sn** in a-SnO
thin films, donating free holes, which aligns with our theory result.

In Fig. 4(b), the measured mobility is compared with the calcu-
lated mobility. Here, we calculated the room-temperature mobility
of a-SnO under various defect concentrations. Our result presents
the calculated hole mobility of a-SnO in the doping concentration
range of 1 x 10"7-1 x 10*” cm ™, showing that the charged impurity
scattering (K" as the charged defect) can significantly degrade the
phonon-limited intrinsic mobility.

Figure 4(c) presents a temperature-dependent Hall measure-
ment on an undoped a-SnO film and K-doped a-SnO films with
varied TK effusion cell- A plot of In(r,) vs 1000/ T nicely fits to a linear
equation, where the slope indicates the ionization energy of holes.
The measured ionization energies of the K-doped a-SnO samples
vary from 11.1 + 0.2 to 20.4 + 0.1 meV depending on the doping
concentration, indicating that potassium is a shallow acceptor. A
low ionization energy might be expected in films that are degener-
ately doped, where an impurity band can form, but even in films
with low potassium doping (e.g., the sample with a potassium con-
centration of 2.0 x 10'® cm™ and a hole concentration at room
temperature of 5.8 x 10" cm™), we see ionization energies in the

(a) T T T T (b) 14 T T T
A19 . K 3 . 1
10 FIG. 4. (a) Measured resistivity of K-
E 10°F A5 F » doped a-SnO thin films as a function of
O R 8 TK effusion cell- (0) Hole mobility (‘u) vs hole
<3 A4 “E density (n) obtained from the Hall effect
5% S 6 measurements for the K-doped a-SnO
2, thin films with varied T efusion celly COM-
A3 pared with the theoretical values calcu-
2} - - lated with phonon, ionized impurity, and
107 ) . LM Increasing T efmon ca grain boundary scattering (orange), the-
. L L oretical values calculated with phonon
0 SOT 100 150(0(:)200 250 10" 10'® s 10% and ionized impurity scattering (light
K effusion cell n, (cm™) green), and theoretical values calcu-
lated by Drude’s model (light blue). (c)
(c) (d) Temperature-dependent hole concentra-
T T 1020 ; — - tion in an undoped a-SnO sample (black,
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= " samples with varied doping concentra-
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B A"mee SIMS vs the hole carrier concentration
€ Ve A measured at room temperature by the
§ 1018k 4 Hall effect. The data points with different
S edge colors indicate the same four sam-
E, = 15.9 meV V. ples used for temperature-dependent
Hall measurement in (c).
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10-20 meV range, indicating that potassium is intrinsically a shal-
low dopant in a-SnO. Note that potassium has the lowest ionization
energy measured for any dopant in a-SnO. The ionization energies
measured for prior dopants were 43 meV at a gallium concentra-
tion of 7 x 10* ¢cm™,”""" 52 meV for a gallium concentration
of 2 x 10 cm™3,°>?! and 20 meV for a sodium concentration of
5 x 10 cm™.”" The difference between the calculated ionization
energies and measured ionization energies is due to the inherent
error bars of ionization energies from the first-principles calcula-
tion. In the case of a p-type GaN, the calculated ionization energies
of the acceptor dopants are 260 meV for magnesium,” 230 meV for
zinc,”! and 650 meV for cadmium,” while the experimental values
are 170-230 meV for magnesium,”™”* 220-328 meV for zinc,””
and 550 meV for cadmium.”” This is consistent with the calculated
ionization energies having an uncertainty of about +100 meV.”’

The measured ionization energy of an undoped a-SnO film is
15.9 + 0.2 meV. This is surprising considering that Egbo et al.”’
have found the ionization energies of their unintentionally doped
a-SnO films grown by plasma-assisted MBE to be 72 meV and Kwok
et al.’! have found that of 40 meV for their undoped a-SnO films
grown by magnetron sputtering. To be sure that our samples were
not inadvertently contaminated by potassium, the unintentionally
doped a-SnO film measured in Fig. 4(c) was grown in a different
MBE growth chamber, in which potassium has never been used on
substrate holders also never exposed to potassium, using the same
growth conditions and S-MBE as the other samples in this study.
This leads us to conclude that the electrically active defects in unin-
tentionally doped a-SnO grown by S-MBE are quite different from
those grown by plasma-assisted MBE. Furthermore, our results show
the dominant acceptor defects in our unintentionally doped a-SnO
to be shallow, possibly Vs, acceptors, which align with our theory
results that predict a relatively low acceptor ionization energy of Vs,.

Figure 4(d) compares the hole carrier concentration with
the average potassium concentration measured by SIMS for ten
K-doped a-SnO samples. The average potassium concentration of
each film is determined by integrating the potassium concentration
values measured by SIMS [Fig. 3(b)] from the minimum after the
surface peak to the end of the K-doped portion of the film and divid-
ing it by the thickness. The carrier concentration generally increases
with increasing potassium concentration, suggesting that potassium
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acts as an acceptor dopant in a-SnO as predicted by the DFT. The
average electrical activation of potassium (i.e., carrier concentra-
tion/potassium concentration) is only 17.0%, though it ranges as low
as 8.7% and high as 26.4%. The variation in the concentration of
active dopants may be explained by an uncontrolled trap state in our
films that needs to be better controlled to realize the full potential of
potassium as a dopant in a-SnO films.

We also tested the temperature and time stability of the
undoped and K-doped a-SnO thin films in Figs. S5 and S6. A thermal
stability test was carried out by placing the sample on a hot plate at
each target temperature for 10 min. After cooling the sample down
to room temperature, Hall effect measurements were performed.
This process was repeated by subsequently heating the sample to
the next temperature, holding for 10 min, cooling, and then mea-
suring. We observed that the K-doped a-SnO thin films do not show
a noticeable change in mobility or hole carrier concentration after
annealing the samples up to 300 °C [Figs. S5(a) and S5(b)]. Nonethe-
less, Sn 200 and SnO; 110 impurity peaks are observed in XRD
after post-annealing at 300 °C, indicating that phase decomposition
is likely occurring [Fig. S5(c)]. On the other hand, for the undoped
a-SnO thin films, the mobility degrades, and the carrier concentra-
tion increases at annealing temperatures >200 °C. Nevertheles, the
films remain epitaxial without noticeable impurity peaks in the XRD.
A time stability test was also performed for the undoped a-SnO thin
films and K-doped a-SnO thin films with varied Tk effusion cenl (Fig.
S6). The K-doped a-SnO thin films with Tk effusion cell i the range
of 140 and 250 °C maintain relatively stable electrical properties as
a function of time when stored at room temperature in a desicca-
tor purged with nitrogen for ~1 year after deposition. On the other
hand, the undoped SnO exhibits noticeable degradation of mobility
with time.

Divided spectral range analysis of measured ellipsometric spec-
tra has been used to obtain the structural and optical property
parameters (see the supplementary material Table S3) and deter-
mine the optical response in terms of spectra in & [Figs. 5(a)
and 5(b)]. These epitaxially grown a-SnO films are tetragonal and
uniaxially anisotropic with the optic axis oriented normal to the sub-
strate surface. Even though multiple angles of incidence ellipsometry
measurements are employed, sensitivity to this optical anisotropy
is weak,”” and the films are treated as isotropic. All of the films
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FIG. 5. (a) and (b) Spectra in ¢ of epitaxial a-SnO films from 0.73 to 5.87 V. (c) Tauc plots to determine the optical bandgap, which varies negligibly (<0.09 eV) with doping

level.

APL Mater. 13, 101114 (2025); doi: 10.1063/5.0288742
© Author(s) 2025

13, 101114-9

00:62:€Z 920z Atenuer zo


https://pubs.aip.org/aip/apm
https://doi.org/10.60893/figshare.apm.c.8048770

APL Materials ARTICLE

have a 15-20 nm thick lower optical density layer near the sub-
strate/film interface, except the film deposited with T effusion cell
=250 °C. This observation is consistent with the SIMS [Fig. 3(b)],
including the deviation of the T effusion cel = 250 °C from the trend
in K-concentration from the SIMS and the lack of an interfacial layer
identified from spectroscopic ellipsometry attributed to poor opti-
cal contrast between this interfacial layer and the bulk film. The
surface and bulk film layer thicknesses are approximately consis-
tent throughout all the films. The 5-6 nm thick surface layers from
ellipsometry exceed the 2.2 nm rms roughness from AFM. These
optically determined surface layers may consist of contributions
from surface roughness features, different bonding configurations
at the surface, absorbed species from the ambient, or a combination
of these effects leading to the thickness discrepancy. From spectra in
€ above gap, critical point transitions are observed at 3.1 and 3.5 eV
for all samples, with the critical point located around 3.5 eV being
the most prominent feature.

The absorption coefficient (a) spectra are derived from
a = 47k/\, where k is obtained from ¢ = (1 + ik)? and A is the photon
wavelength. The direct optical bandgap of these films is determined
using the Tauc plots of the extrapolation of o? to zero over a range of
o from 0.54 x 10* to 1 x 10* cm™ [Fig. 5(c)]. The optical bandgaps
increase from 2.33 eV for the films grown with T effusion cell = 27
and 200 °C to 2.42 eV at T effusion cell = 250 °C. The optical bandgap
energies from 2.6 to 2.7 eV have been reported for SnO; however, a

higher absorption coefficient range of 0.5 x 10°-2 x 10° cm™" was

used for extrapolation.”””"”’

The optical gap values and low values of the imaginary part of
(e2) indicate that these films are not substantially absorbing from the
near infrared through the middle visible range from 0.73 to ~2.4 eV
(1700 to ~520 nm). Substantial absorption in €, begins near ~2.8 eV
(~440 nm), indicating that these SnO layers will still be optically
transparent if sufficiently thin (<1 pm).

CONCLUSIONS

In conclusion, we find that potassium doping can be used to
control the p-type carrier concentration of a-SnO thin films. The
first-principles calculation predicted that potassium is an accep-
tor that is not compensated by native defects. Single-crystalline
K-doped a-SnO thin films were then synthesized by S-MBE at
375°C. Potassium dopants are incorporated during the deposition
and the doping concentration is varied by changing the temper-
ature of the potassium effusion cell. Our transport data from the
Hall measurement indicate that the hole concentration of a-SnO
can be controlled by potassium doping by ~2 orders of magnitude
(4.8 x 107-1.5 x 10 cm™) with a relatively small degradation
of mobility (3.7-7.7 cm? V7! 71, which leads to the modula-
tion of hole resistivity from 2.8 to 0.12 Q cm. The SIMS confirms
that potassium has a high solid solubility in the K-doped SnO,
2.4 x 10% cm™. Temperature-dependent Hall measurements reveal
that potassium is a shallow acceptor in a-SnO with an ionization
energy ranging from 11.1 + 0.2 to 20.4 + 0.1 meV. The uninten-
tionally doped films were also found to have a shallow ionization
energy (159 + 0.2 meV), which we attribute to the Vs, defects.
Spectroscopic ellipsometry determined that optical bandgaps range
from 2.33 to 2.42 eV with increasing K-doping, indicating that opti-
cal transparency is maintained. The successful modulation of p-type
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conduction and low deposition temperature may allow a-SnO to be
used for p-channel transistors made at the BEOL.

SUPPLEMENTARY MATERIAL

The supplementary material provides additional figures and
tables that support the findings of this study, including DFT and GW
band structures, atomic force microscopy images, x-ray diffraction
of K-doped a-SnO thin films with high K effusion cell temperature,
strain analysis, thermal and time stability analysis, measurement of
a SIMS stack, sample information in this work, calculated dynamic
quadrupole tensors of SnO for mobility calculation, and optical
property parameters of the undoped and K-doped a-SnO thin films.
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Figure S1. (a) DFT and GW band structures. (b) Phonon band structure. (c) Hole mobility at room-
temperature as a function of hole density. Phonon-limited mobility is obtained with GW band
structure and quadrupole long-range electron-phonon interaction (cyan). Extrinsic scattering
mechanisms such as ionized-impurity and grain boundary are also considered (orange). The hole
mobilities in the ab-plane and along the c-axis of tetragonal SnO are indicated by solid and dashed
lines, respectively. (d) Hole scattering rate at a doping of 10'® cm™ in the energy range of 100 meV
with reference to the valence band maximum (VBM). (e) Partial scattering rates of holes by
phonons in SnO, resolved by phonon mode energy (cyan line and filled area). The gray line is the
cumulative scattering rate, i.e., the running integral of the blue curve, as reported on the right axis.



Table S1. Calculated dynamical quadrupole tensors for SnO, in units of e-bohr. Calculations

performed using the DFPT framework of Ref. 1, as implemented in the Abinit code.?

Atom  Cart. Dir. Qxx ny sz Qyz sz Qxy
Sn-1 X 0.00000 0.00000  0.00000  0.00000 -2.32313  0.00000
y 0.00000 0.00000  0.00000 -2.32313  0.00000  0.00000
z 0.17158 0.17158 -0.57381  0.00000  0.00000  0.00000
Sn-2 X 0.00000 0.00000  0.00000  0.00000  2.32313  0.00000
y 0.00000 0.00000  0.00000  2.32313  0.00000  0.00000
z -0.17158 -0.17158  0.57381  0.00000  0.00000  0.00000
O-1 X 0.00000 0.00000  0.00000  0.00000 -9.74132  0.00000
y 0.00000 0.00000  0.00000  9.74132  0.00000  0.00000
z -10.72717 10.72717  0.00000  0.00000  0.00000  0.00000
0-2 X 0.00000 0.00000  0.00000  0.00000  9.74132  0.00000
y 0.00000 0.00000  0.00000 -9.74132  0.00000  0.00000
z 10.72717  -10.72717  0.00000  0.00000  0.00000  0.00000

Table S2. The substrate temperature (7suw) and potassium effusion cell temperature (7x effusion cell)
of the samples presented in this work.

Tsup Tk effusion cell
Al 375 °C 260 °C
A2 375 °C 250 °C
A3 375 °C 240 °C
A4 375 °C 220 °C
AS 375 °C 200 °C
A6 300 °C 160 °C
A7 330 °C 200 °C
A8 285 °C 200 °C
A9 300 °C 207 °C
Al0 285 °C 210°C
All 330 °C 220 °C
Al2 330 °C 235°C
Al3 285 °C 250 °C
Al4 330 °C 27°C
AlS 330 °C 27°C
Al6 270 °C 27°C
Al7 300 °C 27°C
Al8 320 °C 27°C
Al19 375 °C 27°C
A20 320 °C 27°C
A21 320 °C 27 °C




Figure S2. Atomic force microscopy of (a) Sample A21—an undoped a-SnO thin film grown at
low SnO flux (2x10'? molecules/(cm?s)), (b) Sample A20—an undoped a-SnO thin film grown
at high SnO flux (1x10'"* molecules/(cm?s)), (¢) Sample A18—a K-doped a-SnO thin film
grown at low SnO flux (2x10!2 molecules/(cm?s)) on a YSZ (001) substrate. The in-plane
<100> directions of a-SnO are indicated. The films contain growth spirals with densities ranging
from (a) 1.3%10% cm™ to (b) 3.1x10° cm™ to (¢) 1.5x10? cm™. The diameter of the grain ranges
from 100 nm to 200 nm.
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Fig. S3. 6-20 X-ray diffraction scan of K-doped a-SnO thin film grown on YSZ (100) substrate

with 7x effusion cell = 280 °C and possible phases that could give rise to the peak positions
observed.
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Figure S4. The out-of-plane strain of K-doped SnO thin films with varied K concentration.
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and K-doped a-SnO thin films as a function of post annealing temperature. The Hall

measurement is performed at room temperature after cooling down the post-annealed samples.
(c¢) X-ray diffraction pattern of undoped a-SnO and K-doped a-SnO thin films before and after
annealing at 300 °C. The start of phase decomposition is observed for the post-annealed K-doped

a-SnO thin films.
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Table S3. Layer thicknesses and optical property parameters for epitaxial a-SnO films (Samples
AS, A4, A3, and A2) with varied potassium concentration controlled by 7k effusion cell Obtained with
divided spectral range analysis. Here the parameters An, I'n, En, ¢, and p, are the amplitude,
broadening, transition energy, phase projector factor, and dimensionality factor from the critical
point parabolic band (CPPB) oscillator model, respectively, and As and Es are the amplitude and

resonance energy of the Sellmeier expression, respectively.

K-doped SnO | K-doped SnO K-doped SnO | K-doped SnO
Model parameters UndOped SnO (TK effusion cell (TK effusion cell (TK effusion cell (TK effusion cell

=200 °C) =220 °C) =240 °C) =250 °C)
Transparent region
Sellmeier As(eV?) | 136 £2 135+3 133+5 132+5 118 +1
Sellmeier Es (eV) | 4.52£0.03 4.52 +0.04 446 +0.07 446 +0.07 4.30+0.01
Highly absorption region
Sellmeier As (eV?) | 222 £ 15 229 £ 17 0 0 240 £ 17
Sellmeier Es (eV) | 8.5+£0.2 8.7+0.3 11 11 8.5+0.3
A1 (unitless) 45+04 5.8+0.6 4.6+0.6 50£0.5 73+04
I (eV) 0.38 +0.02 0.44 +0.02 0.44 +0.04 04+0.3 0.55+0.02
Eni (eV) 3.12+0.01 3.13+0.01 3.10£0.02 3.10£0.02 3.100 £ 0.009
1 (deg) 20+7 13.5+ 6.8 360 + 11 360 £ 12 344 £5
i 1 1 1 1 1
Ao (unitless) 223+04 21.4+£0.5 19.4+0.9 19.1+1.1 155+04
I (eV) 0.670 = 0.009 0.65+0.01 0.67+£0.02 0.67 £0.01 0.71 £0.01
Enz(eV) 3.480 + 0.005 3.480+0.005 | 3.530+0.008 3.530 £ 0.008 3.510 £ 0.006
o2 (deg) -46 + 1 -49+2 -35+3 37+3 -50+2
1 1 1 1 1 1
A3 (unitless) 8+1 7.4+0.9 52+0.2 51+£0.2 92+2.1
I3(eV) 1.7+£0.1 1.8+0.1 44+0.2 45+0.2 1.6+0.2
Ens (eV) 6.35+0.07 6.36 £ 0.08 45+0.1 45+0.1 6.6+0.1
3 (deg) 89 +7 87+8 47£2 4752 103 + 10
1 1 1 1 1 1
Surface roughness | 5 o, g 54+02 51+0.3 58+04 5.08 = 0.07
thickness (nm)
Bulkthickness | <5, | 56+ 1 5242 5242 56+ 1
(ﬂm)f
Interface
thickness (nm) 19.6 £0.5 17+1 17.2+1.9 154+2.1 0
Interface ~ —void | ,4 5119 25.7+32 2646 25.5+6.6 0
fraction (%)
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