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Abstract: The mobility is a key parameter for SnO;, which is extensively studied as a practical trans-
parent oxide n-type semiconductor. In experiments, the mobility of electrons in bulk SnO, single
crystals varies from 70 to 260 cm?V~1s~! at room temperature. Here we calculate the mobility as
limited by electron-phonon and ionized impurity scattering, by coupling the Boltzmann transport
equation with density functional theory electronic structures. The linearized Boltzmann transport
equation is solved numerically beyond the commonly employed constant relaxation-time approxima-
tion, by taking into account all energy and momentum dependencies of the scattering rates. Acoustic
deformation potential and polar optical phonons are considered for electron-phonon scattering,
where polar optical phonon scattering is found to be the main factor which determines the mobility
of both electrons and holes at room temperature. The calculated phonon-limited electron mobility is
found to be 265 cm2V~1s~1 whereas that of holes to be 7.6 cm?2V~1s~1, We present the mobility as
a function of the carrier concentration, which shows the upper mobility limit. The large difference
between the mobilities of n-type and p-type SnO; is a result of the different effective masses between
electrons and holes.

Keywords: Tin oxide; Boltzmann transport equation; density functional theory.

1. Introduction

Tin oxide (SnO,) is a critically important n-type semiconductor with a relatively high
mobility and a wide band gap (Eg = 3.6-3.7 eV) [1,2]. Due to its good electrical, optical, and
electrochemical properties, SnO; has been extensively exploited in various state-of-the-art
applications: perovskite solar cells [3], as both compact layers and mesoporous layers for
transparent electrodes; lithium-ion batteries [4], as a promising candidate to serve as the
anode material due to its high theoretical capacity; gas sensors [5], as the most commonly
used commercial material [6]; photocatalytic applications [7], as photocatalysts in organic
pollutants degradation, water splitting, Cr(VI) reduction, CO2 reduction, air purification,
and photocatalytic sterilization; thermoelectric materials [8], as ceramic thermocouples to
replace noble-metal thermocouples that are unable to withstand the harsh environments
inside the hot sections of turbine engines used for power generation and propulsion.

Mobility is a key factor in charge transport since it describes how the motion of an
electron is affected by an applied electric field. As such, it is an important element in the
design of modern devices. In experiments, the electrons mobilities of bulk SnO, single
crystals vary from 70 to 260 cm?V~!s~! at room temperature [9-11], while SnO; thin films
show lower electron mobilities from 25 to 130 cm?V~1s~1 [12-16]. The large variation
is a result of the many carrier scattering processes that take place beyond the intrinsic
electron-phonon, such as scattering by ionized impurities [17], neutral impurities [18],
grain boundaries [19], and dislocations [20]. To evaluate properly the intrinsic mobility
of the material, as well as that of the doped material, we need to calculate its electronic
transport using full band electronic structure details, but also consider scattering processes
that include the entire energy and momentum dependence of the scattering rates, beyond
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the constant relaxation time approximation. The latter is one of the earliest and most
common approaches [21-23], especially in the context of high-throughput computational
searches targeting electronic transport properties [24]. However, it introduces an arbitrary
uncertainty upon the choice of the scattering time.[25]

Conventional mobility models suppress atomic-scale detail, relying on deformation
potentials and either effective-mass theory or bulk energy bands to describe electron
velocities [26,27]. They do not necessarily represent the behavior of a practical device where
more significant extrinsic scattering mechanisms are present. Despite this, the intrinsic
mobility of a material still provides an upper limit to the material’s performance. Previous
calculations reported a lower electron mobility (187 cm?V~1s~1) compared to the highest
reported experimental values, as well as hole mobility (14.1 cm?V~!s~!) considering only
electron-phonon scattering using density functional theory calculations [28]. Other works
include ionized impurity scattering using the empirical Brooks-Herring-Dingle formula,
but use a fixed value (260 cm?V~!s~1) for the phonon-limited mobility of n-type SnO,[16].
For proper mobility evaluation of the doped material, it is necessary to use a full-band
numerical approach to compute the intrinsic mobility for both electron-phonon and ionized
impurity scattering.

In this work, we use the full energy and momentum dependencies of electron-phonon
and ionized impurity scattering to compute the mobility for both electrons and holes in
5nO,. We first compute the band structures from density functional theory, from which we
also extract the density of states effective mass and the conductivity effective mass. Then
we calculate the acoustic deformation potential and polar optical phonon scattering rates.
Finally, we use those rates within the linearized Boltzmann transport equation, which is
solved numerically beyond the constant relaxation-time approximation to calculate the
mobility of SnO; as a function of the carrier concentration.
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Figure 1. (a) Total energy versus k meshes along the x and y directions, where the k mesh along the z
direction is set to 10. (b) Total energy versus cutoff energy.

2. Computational Methods

The electronic band structure is calculated from density functional theory (DFT) us-
ing the Quantum ESPRESSO package [29]. The optimized norm-conserving Vanderbilt
(ONCYV) pseudopotentials are used for Sn and O under the generalized gradient approxi-
mation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional [30,31]. The 6 x6x10 and
120x120x200 Monkhorst-Pack k meshes are used for structure relaxation and electronic
band structure calculations, respectively. The cutoff energy of plane waves is set to 80
Ry. All of the parameters have been tested to be sufficient in obtaining converged results
with the differences between the total energy being less than 0.001 eV /atom, as shown in
Figure 1. For electronic transport calculations and relevant quantities including the scat-
tering rates, mobility, transport distribution function, band velocity, density of states, and
carrier concentrations, we use the ElecTra code [25,32], our home-developed open-source
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code which solves the linearized Boltzmann transport equation in the relaxation time
approximation for charge carriers in a full-band electronic structure of arbitrary complexity,
including their energy, momentum, and band-index dependence.

3. Results and Discussions

SnO; is a Rutile structure and crystallizes in the tetragonal P4, /mnm space group,
as shown in Figure 2(a). The calculated lattice parameters area = b = 4.81 A, c =3.23 A,
indicating a slight 1.5% overestimation with respect to the available experimental value of
a="b=474A,c=319 A[33], which is the general tendency of GGA [34]. Both the valance
band maximum (VBM) and conduction band minimum (CBM) are located at the I point, as
shown in Figure 2(b). The band gap Eg is calculated to be 0.734 eV, lower than experimental
values (Eg = 3.6-3.7 €V) [1,2], but in good agreement with previous calculations (Eg = 0.832
eV) using GGA [35]. There is a known problem with the underestimation of the band
gap using the GGA pseudopotentials [36]. This shortage can in principle be overcome by
using Heyd—-Scuseria—Ernzerhof (HSE) hybrid functionals [37], GW method [38], GGA + U
method [39], meta-GGA functionals [40], or Tran-Blaha modified Becke-Johnson (TB-mB]J)
exchange potential approximations [41]. We note, however, that since the band gap of
this material is large enough, bipolar transport is suppressed, and we have considered the
conduction bands and valence bands separately in the transport calculations. With regards
to the accuracy of the band structure parameters, previous work has compared the band
structure using GGA and TB-mBJ corrections for SnO; [35], and found very similar overall
behavior of the band structures except for the value of band gap. Thus, we take that GGA
is reliable enough to describe the overall behavior of the band structures to be used in our
transport calculations.
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Figure 2. (a) Lattice structure for SnO;. (b) Band structure for SnO, along high-symmetry lines. (c)
Fermi surface at energy E = 0.2 eV above the conduction band minimum (CBM). (d) Fermi surface at
energy E = 0.2 eV below the valance band maximum (VBM).
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3.1. Effective Mass Extraction Method

The flat valance band and dispersive conduction band indicate heavy hole but light
electron states, as shown in Figures 2(c) and 2(d), respectively. Here we use our home-
developed Effective Mass Finder (EMAF) code to calculate the two relevant effective masses
for electrons and holes as described in references [42,43]: the density of states effective mass
(mpps) and the conductivity effective mass m.onq. We compute the mpog as the effective
mass of an isotropic parabolic band that gives the same carrier density as the actual band
structure. We evaluate m,q as the effective mass of an isotropic parabolic band which
maps the average velocity of the band states weighted by their contribution to transport.
For this, we employ a simple ballistic field effect transistor model, extract the average
injection velocity in the sub-threshold regime, and map that velocity to a parabolic band
which provides the same injection velocity.

In detail, the process is as follows (using the conduction band as an example): We
consider the non-degenerate regime, in which the carrier concentration n can be expressed
as

Ep—Eg

n = Nce *sT (1)

where Ef is the Fermi level, Ey is the energy of the band edge, kg is the Boltzmann constant,
T is the temperature, and N¢ is the effective density of states calculated as

mposksT
= 2 _
¢ ( 27th?

For a generic numerical band structure, the carrier concentration n can be calculated as

)3 @)

2
RNCTOE kaEw))de ©)

where the sum runs over all the k points and bands in the first Brillouin zone, fg,  is the
Fermi-Dirac distribution, and d Vj is the volume element in k space, which usually depends
only on the mesh.

We place the Fermi level in non-degenerate conditions (in the band gap), and compute
the carrier concentration n using Equation (3). We then match n with that calculated by
using the non-degenerate statistics and the effective density of states N¢ in Equations (1)
and (2). A value for a parabolic mass which provides the same charge density as the whole
band structure can then be extracted from N¢. The so-calculated mpoge = 0.2305 mg and
mMposh = 1.7268 my.

For the conductivity effective mass, we essentially calculate the average uni-directional
velocity of all the 3D band structure states, where the contribution of each state is averaged
by its occupancy under non-degenerate conditions. We then map that velocity value to
the velocity from a parabolic band. The parabolic effective mass that is needed for this
mapping is the conductivity mass we are looking for. The parabolic mass extracted in this
way will collectively incorporate all details of the band structure related to transport. The
conductivity effective mass 11¢ynq is calculated from the injection velocity vin; as [42]

2kpT
> @)

TT0ip;

Meond =

We then assume that the material of interest is the channel of a ballistic field effect transistor
(FET). The injection velocity vi,j;, which depends only on the band structure and the
temperature, is extracted by dividing the subthreshold current of a ballistic FET by the
charge density occupation as [44]

IreT
%)
# Yk f(Ek,n —EF,S)de

Vinj =

116

134

135



Version November 3, 2022 submitted to Crystals 50f11

where Egg is the Source Fermi level, and Iggt is the FET current density.

Here we assume injection of carriers from the source contact of the FET, and a high
drain voltage, such that the Fermi level in the drain is much lower compared to that in
the source. In this case, the injection of carriers from the drain is negligible and can be
omitted, and thus the total FET current is just the source current. This current can be simply
computed by counting all positive velocity going states weighted by their occupancy:

e
Ipgr = 273 Zf(Ekn_EFS) 010 Vic (®)
T kn ’ ’

where |vy ,| is the band velocity in absolute terms to account only for positive travelling
states. We perform this calculation in the three major orientations, x, y, and z, and then
average (inversely) the three masses to have an overall conductivity mass as

3
Meond = 1 1 1 7)
Meond,x Meond,y Meond,z

In this way, the calculated m.opq = 0.2011 mg and mgpg n = 1.7659 my.

3.2. Scattering Rates

The electron-phonon scattering rates due to acoustic deformation potential can be
computed by evaluating the transition rates |SQE,P | between the initial k and final k' states,

and can be extracted using Fermi’s golden rule as [26,45,46]

T kgT
ISil | = ﬁDZADPPBng(E) ®)
Here Dpp is the acoustic deformation potential, where 8.17 eV and 2.06 eV are used for
electrons and holes in SnO, [28], respectively. p is the mass density. v is the sound velocity
of the material, where 4.3 km/s is used [47]. g(E) is the density of states for the initial state.
The polar optical phonon scattering rates due to the Frohlich interaction, |S£?(I,’ |, can be
computed from the dielectric constants which capture the matrix element in a polarizable

continuum as [45,46]

2
cor T 11 11
IS = e e~ g N + 3 F (B heo) ©)

Here w is the dominant frequency of polar optical phonons over the whole Brillouin zone
which has been validated to be a satisfactory approximation [48], where 27.3 meV is used
[28]. &g is the vacuum dielectric constant. kg and ke are the static and high-frequency
dielectric constants, respectively, where kg = 11.6 and k., = 4.1 are used [28]. N,, is the
Bose-Einstein phonon statistical distribution.

Figures 3(a) and 3(b) show the calculated scattering rates for acoustic deformation
potential (ADP) scattering and polar optical phonon (POP) scattering for electrons and
holes, respectively. The POP scattering rates for both electrons and holes are much larger
than the ADP scattering rates, as expected from a polar material. On the other hand,
compared to electrons, holes have larger ADP and POP scattering rates. This can be
understood from the density of states for electrons and holes:

\/2m3 ~E
DOS (10)

g(E) = 20

Compared to electrons (mppge = 0.2305 my), holes have a much larger density of states
effective masses (mpogn = 1.7268 mp) and much larger density of states, which results in
the larger ADP and POP scattering rates.
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Figure 3. Scattering rates arising from polar optical phonon (POP) and acoustic deformation potential
(ADP) scattering processes in SnO; for (a) electrons and (b) holes at 300 K. Ionized impurity scattering
rates in SnO, for (c) electrons and (d) holes at different impurity concentrations. The conduction
band minimum is set to zero eV in (a) and (c), while the valence band maximum is set to zero eV in
(b) and (d).

In addjition to electron-phonon scattering, the Brooks-Herring model is used to describe
the elastic scattering rates due to ionized dopants [49]. The scattering rates due to ionized
impurity scattering (IIS) are given by [50]

g | 2w 22 Nimp
G B (k- WP+ L)

58(E) (11)

where Z is the electric charge of the ionized impurity, Nim,, is the density of the ionized
impurities, and Lp is the Debye screening length defined as [50]

Lp =/ kfo (aa%) (12)

where # is the carrier concentration. The partial derivative is computed at any Fermi
level and temperature as follows: The carrier concentration is computed by evaluating the
integral over the energy of the product of DOS and Fermi distribution, then the Fermi level
is moved by 1 meV, and the carrier concentration is computed again. From this finite Ep
difference, the partial derivative is obtained.

Figures 3(c) and 3(d) show the calculated ionized impurity scattering rates at different
impurity concentrations for electrons and holes in SnO,, respectively. Compared to the
electron-phonon scattering rates, the ionized impurity scattering rates for electrons at high

impurity concentrations, e.g., at 1020 ¢cm 3, are comparable to the POP scattering rates.

174
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However, for holes, even at a high impurity concentration (1.26 x 10?° cm~3), the ionized

impurity scattering rates are still lower than the POP scattering rates. Thus, the POP will
always dominate the scattering for holes in SnO, at room temperature.

3.3. Mobility Calculations

The mobility is computed using the transport distribution function within the lin-
earized Boltzmann transport equation as

2
_q&/w..gf%dg 13
=5 [ =) -3 (13)
where qq is the electronic charge, fy is the equilibrium Fermi distribution, &;;(E) is the
transport distribution function which is expressed as a surface integral over the constant
energy surfaces for each band and then summed over the bands:

_ s
Bij(E) = @np kzUi(k,n)vj(k,n)fi(k,n)g(E) (14)

N
Here s is the spin degeneracy, where s = 2 is used as the two spin sub-bands are degenerate.
Vj(k,n) 18 the i-component of the band velocity, T ,,) is the overall relaxation time which is

calculated combining the strength of all scattering mechanisms using Matthiessen’s rule as
[51]
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Figure 4. The calculated mobility versus carrier concentration for (a) electrons and (b) holes in SnO5.
Phonon-limited (solid lines) and phonon plus ionized impurity scattering (dotted lines) are shown.
Experimental measurements from single crystals (s.c., green triangles) and thin films (black triangles)
are also indicated. References for the data in (a): single crystals (ref. [9] and [10]) and thin films (ref.
[12], [13], [14], [15], and [16]) for electrons. References for the data in (b): films (ref. [52] and [53]) for
holes.

Figures 4(a) and 4(b) show the calculated mobilities for electrons and holes, respec-
tively, considering only electron-phonon scattering (e-ph, solid lines) or both, electron-
phonon and ionized impurity scattering (e-ph+IIS, dotted lines). The calculated electron-
phonon scattering limited mobilities at low carrier concentrations are e = 265 cm?V 15!
and py, =7.6 cm?V s~ 1. Previous calculations reported mobilities to be ye = 187 cm?V 151
(lower compared to experiments) and py, = 10.8 cm?V~!s~! (much higher compared to

191
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experiments) [28]. Considering the whole range of carrier concentrations, our predicted zoa
mobilities including electron-phonon and ionized impurity scattering, are comparable to 205
the mobility from single crystals and higher than that from thin films, as expected (see =206
Figure 4) [9,10,12-15,52,53]. This can be attributed to significant carrier scattering from 2o
the grain boundaries and dislocations induced by lattice mismatch between the film and 208
substrates such as corundum Al,O3 and rutile TiO; [54,55]. On the other hand, SnO; single 200
crystals are found to have higher mobility than the epitaxial thin films [9-11]. Using very =210
thick self-buffer layers [16], SnO; epitaxial thin films on TiO, (001) substrates are also found 211
to have high electrons mobilities, which agree very well with our calculated mobility with 212
both electron-phonon and ionized impurity scattering. 213

(a) (b)
5 —clectrons
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4 ‘v
= =
=
s3 =
1] \'L
2 =
1
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
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©
107
107!

DOS (a.u.)

1016 ]
0 0.05 0.1 0.15 0.2 -0.2 -0.1 0 0.1 0.2
Energy (eV) Energy (eV)

Figure 5. Calculated (a) transport distribution functions, (b) band velocities, (c) density of states, and
(d) carrier concentrations, for electrons and holes in SnO;. In (a), the transport distribution functions
are averaged from Eyy, Eyy, and Zz,. The inset of (b) shows the different |k — k’|2 for the heavy band
and light band.

In order to understand the large difference between the electron and hole mobilities, 214
we calculate the transport distribution functions, as shown in Figure 5(a), which are 2
found to be comparable for both electrons and holes, despite the fact that electrons have 216
much higher band velocities and much lower density of states. The comparable transport 27
distribution functions in Equation (14) for electrons and holes can be understood as follows. 21s
Compared to holes, electrons have much higher band velocities, as seen in Figure 5(b), =210
due to their smaller effective mass. The calculated density of states for electrons is lower 220
than for holes, as shown in Figure 5(c), which is expected from Equation (10). On the =z
other hand, the total relaxation time is predominated by POP scattering. Because of this, 2z
from Equation (9), due to the smaller effective mass of electrons compared to holes, we  z2:
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can expect a much smaller exchange vector |k — k’|? for electrons, as shown in the inset
of Figure 5(b). Overall, the larger velocity (v?) and lower density of states for electrons in
Equation (14), will be somewhat compensated by the smaller |k — k’|? and lower density
of states in Equation (9) for POP scattering rates. This finally results in the comparable
transport distribution functions for electrons and holes (note that although the deformation
potentials for electrons and holes are very different, ADP is an overall weaker mechanism
in this case). Thus, the much larger mobility for electrons compared to holes comes from
the much lower carrier concentration, as shown in Figure 5(d), which is expected from the
much smaller effective mass of the electrons.

4. Conclusions

In conclusion, we employed the numerically solved linearized Boltzmann transport
equation with first-principles calculated band structures to calculate the mobilities of
electrons and holes in SnO,. We consider acoustic deformation potential, polar optical
phonon, and ionized impurity scattering processes. Both electron and hole mobilities
are found to be predominantly limited by the polar optical phonon scattering at room
temperature. The calculated effective masses of electrons and holes are directly related to
the difference in mobilities observed between n-type and p-type SnO,. The mobilities as a
function of the carrier concentration show an upper limit of e = 265 cm?V~!s~! and py, =
7.6 cm?V~1s~1 which agree well with previous experimental values at least for the n-type
SnOz.

Author Contributions: Conceptualization, Z.L.; methodology, Z.L., P.G. and N.N,; software, Z.L., PG.
and N.N,; validation, Z.L.; formal analysis, Z.L.; investigation, Z.L.; resources, Z.L. and N.N.; data
curation, Z.L.; writing—original draft preparation, Z.L.; writing—review and editing, Z.L., PG. and
N.N.; visualization, Z.L.; supervision, N.N.; project administration, N.N.; funding acquisition, N.N.
All authors have read and agreed to the published version of the manuscript.

Funding: This work has received funding from the European Research Council (ERC) under the
European Union’s Horizon 2020 research and innovation programme (Grant Agreement No. 678763),
and the European Union’s Horizon 2020 research and innovation program under grant agreement
No. 863222 (UncorrelaTEd).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available upon
reasonable request from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Sundaram, K.B.; Bhagavat, G.K. Optical absorption studies on tin oxide films. J. Phys. D 1981, 14, 921-925.

2. Melsheimer, J.; Ziegler, D. Band gap energy and Urbach tail studies of amorphous, partially crystalline and polycrystalline tin
dioxide. Thin Solid Films 1985, 129, 35-47.

3. Xiong, L.; Guo, Y,; Wen, J.; Liu, H,; Yang, G.; Qin, P; Fang, G. Review on the application of SnO; in perovskite solar cells. Adv.
Funct. Mater. 2018, 28, 1802757.

4. Chen, ].S,; Lou, X.W. SnO,-based nanomaterials: synthesis and application in lithium-ion batteries. Small 2013, 9, 1877-1893.

5. Das,S,; Jayaraman, V. SnO;: A comprehensive review on structures and gas sensors. Prog. Mater. Sci. 2014, 66, 112-255.

6. Staerz, A.; Suzuki, T.; Weimar, U.; Barsan, N., 12 - SnO;: The most important base material for semiconducting metal oxide-based
materials. In Tin Oxide Materials; Orlandi, M.O., Ed.; Elsevier, 2020; pp. 345-377.

7. Sun, C; Yang, J.; Xu, M,; Cui, Y.; Ren, W,; Zhang, J.; Zhao, H.; Liang, B. Recent intensification strategies of SnO;-based
photocatalysts: A review. Chem. Eng. J. 2022, 427, 131564.

8.  Chen, X,; Gregory, O.J.; Amani, M. Thin-film thermocouples based on the system InyO3-SnO,. J. Am. Ceram. Soc. 2011,
94, 854-860.

9.  Morgan, D.F,; Wright, D.A. Electrical properties of single crystals of antimony-doped stannic oxide. Br. |. Appl. Phys. 1966,
17, 337-340.

10. Fonstad, C.G.; Rediker, R.H. Electrical properties of high-quality stannic oxide crystals. J. Appl. Phys. 1971, 42, 2911-2918.

259

260

261

262

263



Version November 3, 2022 submitted to Crystals 10 of 11

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

Galazka, Z.; Uecker, R.; Klimm, D.; Irmscher, K.; Pietsch, M.; Schewski, R.; Albrecht, M.; Kwasniewski, A.; Ganschow, S.; Schulz,
D.; et al. Growth, characterization, and properties of bulk SnO; single crystals. Phys. Status Solidi A 2014, 211, 66-73.

Okude, M.; Ueno, K.; Itoh, S.; Kikuchi, M.; Ohtomo, A.; Kawasaki, M. Effect of in situ annealed SnO, buffer layer on structural
and electrical properties of (0 0 1) SnO;/TiO; heterostructures. ]. Phys. D 2008, 41, 125309.

Toyosaki, H.; Kawasaki, M.; Tokura, Y. Electrical properties of Ta-doped SnO; thin films epitaxially grown on TiO, substrate.
Appl. Phys. Lett. 2008, 93, 132109.

White, M.E.; Bierwagen, O.; Tsai, M.Y.; Speck, ].S. Electron transport properties of antimony doped SnO, single crystalline thin
films grown by plasma-assisted molecular beam epitaxy. J. Appl. Phys. 2009, 106, 093704.

Mun, H.; Yang, H.; Park, J.; Ju, C.; Char, K. High electron mobility in epitaxial SnO,_, in semiconducting regime. APL Materials
2015, 3, 076107.

Fukumoto, M.; Nakao, S.; Shigematsu, K.; Ogawa, D.; Morikawa, K.; Hirose, Y.; Hasegawa, T. High mobility approaching the
intrinsic limit in Ta-doped SnO, films epitaxially grown on TiO2 (001) substrates. Sci. Rep. 2020, 10, 6844.

Chattopadhyay, D.; Queisser, H.]. Electron scattering by ionized impurities in semiconductors. Rev. Mod. Phys. 1981, 53, 745-768.
Erginsoy, C. Neutral Impurity Scattering in Semiconductors. Phys. Rev. 1950, 79, 1013-1014.

Blatter, G.; Greuter, F. Electrical breakdown at semiconductor grain boundaries. Phys. Rev. B 1986, 34, 8555-8572.

Jaszek, R. Carrier scattering by dislocations in semiconductors. |. Mater. Sci. Mater. 2001, 12, 1-9.

Li, Z.; Miao, N.; Zhou, J.; Sun, Z.; Liu, Z.; Xu, H. High Thermoelectric performance of few-quintuple Sb,Te; nanofilms. Nano
Energy 2018, 43, 285-290.

Madsen, G.K.H.; Carrete, J.; Verstraete, M.J. BoltzTraP2, a program for interpolating band structures and calculating semi-classical
transport coefficients. Comput. Phys. Commun. 2018, 231, 140-145.

Li, Z; Han, S.; Pan, Y.; Miao, N.; Zhou, J.; Xu, H.; Sun, Z. Origin of high thermoelectric performance with a wide range of
compositions for BiySb;_,Tes single quintuple layers. Phys. Chem. Chem. Phys. 2019, 21, 1315-1323.

Gorai, P; Stevanovi¢, V.; Toberer, E.S. Computationally guided discovery of thermoelectric materials. Nat. Rev. Mater. 2017,
2,17053.

Graziosi, P.; Kumarasinghe, C.; Neophytou, N. Impact of the scattering physics on the power factor of complex thermoelectric
materials. J. Appl. Phys. 2019, 126, 155701.

Li, Z.; Graziosi, P; Neophytou, N. Deformation potential extraction and computationally efficient mobility calculations in silicon
from first principles. Phys. Rev. B 2021, 104, 195201.

Graziosi, P; Li, Z.; Neophytou, N. Bipolar conduction asymmetries lead to ultra-high thermoelectric power factor. Appl. Phys.
Lett. 2022, 120, 072102.

Hu, Y.; Hwang, J.; Lee, Y,; Conlin, P.; Schlom, D.G.; Datta, S.; Cho, K. First principles calculations of intrinsic mobilities in
tin-based oxide semiconductors SnO, SnO,, and Ta25nO6. |. Appl. Phys. 2019, 126, 185701.

Giannozzi, P,; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Chiarotti, G.L.; Cococcioni, M.; Dabo, L,;
et al. Quantum ESPRESSO: a modular and open-source software project for quantum simulations of materials. J. Phys. Conden.
Matter. 2009, 21, 395502.

Perdew, ].P; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 1996, 77, 3865-3868.
Hamann, D.R. Optimized norm-conserving Vanderbilt pseudopotentials. Phys. Rev. B 2013, 88, 085117.

Graziosi, P; Li, Z.; Neophytou, N. ElecTra code: full-band electronic transport properties of materials, 2022. https://doi.org/10.4
8550/ ARXIV.2208.00745.

Madelung, O. Semiconductors: data handbook; Springer Science & Business Media, 2004.

Stampfl, C.; Mannstadt, W.; Asahi, R.; Freeman, A.]. Electronic structure and physical properties of early transition metal
mononitrides: Density-functional theory LDA, GGA, and screened-exchange LDA FLAPW calculations. Phys. Rev. B 2001,
63, 155106.

El Haj Hassan, F.; Moussawi, S.; Noun, W.; Salameh, C.; Postnikov, A.V. Theoretical calculations of the high-pressure phases of
SnO,. Comput. Mater. Sci. 2013, 72, 86-92.

Perdew, ].P.; Yang, W.; Burke, K.; Yang, Z.; Gross, E.K.U.; Scheffler, M.; Scuseria, G.E.; Henderson, T.M.; Zhang, 1.Y.; Ruzsinszky,
A; et al. Understanding band gaps of solids in generalized Kohn-Sham theory. Proc. Natl. Acad. Sci. U.S.A. 2017, 114, 2801-2806.
Heyd, J.; Scuseria, G.E.; Ernzerhof, M. Hybrid functionals based on a screened Coulomb potential. ]. Chem. Phys. 2003,
118, 8207-8215.

Aryasetiawan, F; Gunnarsson, O. The GW method. Rep. Prog. Phys. 1998, 61, 237-312.

Anisimov, V.I.; Zaanen, J.; Andersen, O.K. Band theory and Mott insulators: Hubbard U instead of Stoner I. Phys. Rev. B 1991,
44,943-954.

Isaacs, E.B.; Wolverton, C. Performance of the strongly constrained and appropriately normed density functional for solid-state
materials. Phys. Rev. Mater. 2018, 2, 063801.

Tran, F; Blaha, P. Accurate band gaps of semiconductors and insulators with a semilocal exchange-correlation potential. Phys.
Rev. Lett. 2009, 102, 226401.

Neophytou, N.; Kosina, H. Large nnhancement in hole velocity and mobility in p-type [110] and [111] silicon nanowires by cross
section scaling: an atomistic analysis. Nano Lett. 2010, 10, 4913—-4919.

289

2900

201

202

203

204

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318


https://doi.org/10.48550/ARXIV.2208.00745
https://doi.org/10.48550/ARXIV.2208.00745
https://doi.org/10.48550/ARXIV.2208.00745

Version November 3, 2022 submitted to Crystals 11 0f11

43.
44.
45.
46.

47.
48.

49.

50.
51.

52.

53.

54.
55.

Graziosi, P.; Kumarasinghe, C.; Neophytou, N. Material descriptors for the discovery of efficient thermoelectrics. ACS Appl.
Energy Mater. 2020, 3, 5913-5926.

Rahman, A.; Guo, J.; Datta, S.; Lundstrom, M. Theory of ballistic nanotransistors. IEEE Trans. Electron Devices 2003, 50, 1853-1864.
Lundstrom, M. Fundamentals of Carrier Transport, 2 ed.; Cambridge University Press: Cambridge, 2000.

Neophytou, N. Theory and Simulation Methods for Electronic and Phononic Transport in Thermoelectric Materials; Springer Nature,
2020.

Turkes, P.; Pluntke, C.; Helbig, R. Thermal conductivity of SnO, single crystals. J. Phys. C Solid State Phys. 1980, 13, 4941-4951.
Samsonidze, G.; Kozinsky, B. Accelerated screening of thermoelectric materials by first-principles computations of elec-
tron—phonon scattering. Adv. Energy Mater. 2018, 8, 1800246.

Jacoboni, C.; Reggiani, L. The Monte Carlo method for the solution of charge transport in semiconductors with applications to
covalent materials. Rev. Mod. Phys. 1983, 55, 645-705.

Nag, B.R. Electron transport in compound semiconductors; Vol. 11, Springer Science & Business Media, 1980.

Matthiessen, A.; Vogt, A.C.C. IV. On the influence of temperature on the electric conducting-power of alloys. Philos. Trans. R. Soc.
Lond. 1864, 154, 167-200.

Yu, S.; Zhang, W.; Li, L.; Xu, D.; Dong, H.; Jin, Y. Fabrication of p-type SnO; films via pulsed laser deposition method by using Sb
as dopant. Appl. Surf. Sci. 2013, 286, 417-420.

Fu, W,; Li, M,; Li, ].; Fang, G.; Ye, P; E, W.; Xiao, X.; Wei, H.; Liu, B.; Lu, Y,; et al. Achieving p-type conductivity in wide-bandgap
SnO; by a two-step process. Appl. Phys. Lett. 2021, 118, 112102.

Semancik, S.; Cavicchi, R.E. The growth of thin, epitaxial SnO; films for gas sensing applications. Thin Solid Films 1991, 206, 81-87.
Rachut, K.; Korber, C.; Brotz, J.; Klein, A. Growth and surface properties of epitaxial SnO,. Phys. Status Solidi A 2014,
211, 1997-2004.

347

348

349

350

351

352

353



	Introduction
	Computational Methods
	Results and Discussions
	Effective Mass Extraction Method
	Scattering Rates
	Mobility Calculations

	Conclusions
	References

