
This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. C, 2025, 13, 14539–14551 |  14539

Cite this: J. Mater. Chem. C, 2025,

13, 14539

First-principles understanding of hole mobility
and intrinsic transport mechanisms in Sn(II)
oxides†

Romain Claes, ab David O. Scanlon, a Gian-Marco Rignanese bcd and
Geoffroy Hautier *e

Transparent conducting oxides (TCOs) have attracted considerable attention due to their applications in

electronic devices, ranging from solar cells to flat panel displays and touch screens. While n-type TCOs,

such as indium tin oxide (ITO) and tin dioxide (SnO2), have been extensively studied and widely adopted,

the development of p-type TCOs remains an important challenge due to several factors, including their

low carrier mobilities which arise from the flat valence bands of metal oxides. In this work, we employ

first-principles calculations to investigate the transport properties of the binary Sn(II) oxide SnO and four

promising ternary Sn(II) oxides: TiSnO3, K2Sn2O3 (in both cubic and rhombohedral phases), and

Rb2Sn2O3. Our results show that the studied ternary Sn(II) oxides exhibit carrier mobilities comparable to

state-of-the-art n-type TCOs, with band gaps ranging between 2 and 3 eV. The computational

methodology, which provides an exact treatment of the Boltzmann transport equation, yields excellent

agreement with experimental mobility values for SnO, suggesting that experimental measurements for

the ternary compounds may also follow closely our predictions. In addition, we highlight the importance

of effective masses for carrier lifetimes and the number of scattering channels involved, using a new

decoupling approach for the scattering rates. Finally, we reveal that in SnO, high-frequency phonon

modes involving oxygen motion dominate electron–phonon interactions, while in ternary compounds,

vibrational modes involving the third atomic species are also of crucial importance. These findings could

offer new perspectives on mitigating these specific vibrations to reduce electron–phonon scattering and

enhance transport properties in oxide semiconductors.

1 Introduction

Transparent conductive oxides (TCOs) have garnered signifi-
cant attention due to their vast potential for application in
various electronic devices, including solar cells, flat panel dis-
plays, and touch screens.1–3 They have also been proposed for
use in complementary metal–oxide–semiconductors (CMOS) or
field-effect transistors (FETs).4–6 While n-type TCOs such as

indium tin oxide (ITO), gallium oxide (Ga2O3) or tin dioxide
(SnO2) have been extensively investigated and widely
adopted,1,7–11 developing p-type TCOs has proven to be a
challenging task.12,13 This is primarily due to their low carrier
mobilities, which are one order of magnitude lower than those
of their n-type counterparts. The underlying reason lies in the
typically flat valence bands of metal oxides, which are domi-
nated by localised p-orbitals of oxygen atoms. One way to
mitigate this is by strong hybridisation of the O 2p orbital with,
for instance, the Cu 3d10 orbital, as observed in Cu2O.12–15 This
led to the ‘‘chemical modulation of the valence band’’ approach
which saw a range of delafossite oxides studied. These materi-
als were p-type in nature, however, they all displayed deep
defect levels and ultimately poor conductivity.16–21 Sn(II) oxides
also exhibit a departure from typical oxides in that the top of
the valence bands also possesses a metallic character owing to
the presence of lone pairs on tin atoms.22 However, it has been
also demonstrated by Ha et al.23 that the presence of Sn(II)
alone does not guarantee a low effective mass; the crystalline
structure also plays an important role. Indeed, the angle
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formed by the Sn–O–Sn bonds within the crystal structure has a
strong influence on the effective mass of these oxides: when
this angle approaches 1801, it promotes orbital overlap, leading
to lower effective masses.

In this work, we use first-principles calculations to investi-
gate the transport properties of the prototypical binary tin oxide
SnO as well as four identified promising ternary compounds:
TiSnO3, K2Sn2O3 (in the cubic (c) and rhombohedral (r) phases)
and r-Rb2Sn2O3. These ternary tin oxides have already been
identified as potential TCO candidates based on effective mass
calculations23,24 or, more recently, through the use of phenom-
enological mobility models25–27 but without using a fully first-
principles approach such as in the present study. Our compu-
tations, which rely on the iterative solution of the Boltzmann
transport equation, allow us to delve deeper into the under-
standing of the differences between these materials, thereby
assessing their significant potential. The relative importance of
the electron–phonon (e–ph) coupling is also assessed using a
new decomposition method of the scattering rates and a
detailed analysis of the phonon modes involved.

2 Computational methodology
2.1 Computational details

The band structures shown in this work were computed using
VASP28,29 at the PBE0 level30 allowing a better evaluation of the
band gap than with semi-local exchange–correlation (XC) func-
tionals. In contrast, the transport calculations presented in this
study were performed using Abinit31,32 at the generalised-
gradient approximation (GGA) level, employing the PBE (for
SnO) or PBEsol functional (for the ternary tin oxides).30,33 This
difference in terms of XC functional is justified by the absence
of band gap in SnO with PBEsol, making the mobility calcula-
tion less accurate. The complexity and cost of the density
functional perturbation theory (DFPT) methodology employed
in this work prevent the use of higher-level XC functionals, such
as hybrid functionals. We do not expect significant discrepan-
cies, as the effective masses computed with GGA remains in the
range of those obtained with higher level of theory for the Sn(II)
oxides studied here, as shown in Table 2.

Abinit employs a fully first-principles approach to compute
phonon-limited mobilities by iteratively solving the Boltzmann
transport equation (IBTE).34–37 The methodology employed in
Abinit, which is comprehensively outlined in ref. 34 and 35, allows
us to achieve performance levels comparable to Wannier-based
packages, eliminating the necessity of using Wannier functions
altogether. In this work, convergence is assumed to be reached
when the mobilities of three consecutive grids differ by no more
than 5%. The converged IBTE mobilities were obtained with k-
meshes (for the electronic part) of 128 � 128 � 96 for SnO, 130 �
130 � 130 for c-K2Sn2O3, 156 � 156 � 156 for r-K2Sn2O3, 144 �
144 � 144 for Rb2Sn2O3 and 110 � 110 � 110 for TiSnO3. On the
other hand, DFPT scattering potentials and interatomic force
constants also needed for the computation of the mobility
were obtained by interpolation starting from a coarse q-mesh of

8 � 8 � 6 for SnO, 6 � 6 � 6 for c-K2Sn2O3, r-K2Sn2O3, and
Rb2Sn2O3 and 5 � 5 � 5 for TiSnO3. The latter originate from the
phonon database of Petretto et al.38 All the mobility and scattering
potential calculations were performed with the inclusion of
dynamical quadrupoles (Q*). It has been shown that the integra-
tion of Q*, the next order of correction to dynamical dipoles, in
the computation of the mobility is essential to obtain accurate
results.34,36 As the computation of Q* is still limited to norm-
conserving pseudopotentials without non-linear core corrections
(NLCC), a slight deviation in mobility can be expected but it is
several orders of magnitude smaller compared to performing
calculations without Q*.

2.2 Decomposition of the scattering rates

One of the aims of this work is to gain a better understanding
of the importance of e–ph coupling and the influence of the
effective mass on the lifetime. To this end, an analysis of the
scattering rates was carried out. While, the IBTE method
provides an exact solution of the BTE and is used to determine
the phonon-limited hole mobility in our systems, it does not
directly give access to these scattering rates. Therefore, we had
to take a step back in terms of accuracy and analyse the
scattering rates obtained from the self-energy relaxation time
approximation (SERTA). In the Boltzmann transport formalism
under the SERTA, the hole mobility is given by

mSERTA
h;ab ¼ �1

One

X
n2VB

ð
BZ

dk

OBZ

@f 0nk
@enk

vnk;avnk;bt0nk; (1)

and the hole lifetime t0
nk can be expressed as the inverse of the

scattering rate of a hole passing from a band n and a wave
vector k to a final state mk + q as given by

1

t0nk
¼ 2p

X
m;n

ð
dq

OBZ
gmnnðk; qÞj j2

� n0qn þ f 0mkþq

� �
d enk � emkþq þ oqn
� �h

þ n0qn þ 1� f 0mkþq

� �
d enk � emkþq � oqn
� �i

;

(2)

with n0
qn the Bose–Einstein distribution for the phonon of

wave vector q, mode index n and frequency oqn, and gmnn(k,q)
the e–ph coupling matrix elements defined as gmnn(k,q) =
hcmk+q|DqnV

KS|cnki, where cnk and cmk+q are the Kohn–Sham
(KS) Bloch states and DqnV

KS is the phonon-induced variation of
the self-consistent KS potential.34,36,39 Being neither more nor
less than a Fermi golden rule, it is conceivable to decompose
this equation into two parts: one taking into account the
number of available states and the conservation of energy, that
we will refer to as the J parameter:

Jnk ¼
X
mn

ð
dq

OBZ
n0qn þ f 0mkþq

� �
d enk � emkþq þ oqn
� �h

þ n0qn þ 1� f 0mkþq

� �
d enk � emkþq � oqn
� �i

:

(3)

and one directly related to the e–ph coupling, the G2 parameter,
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so that

1

t0nk
¼ Gnk

2 � Jnk: (4)

To enable this factorisation to be carried out computation-
ally, it is only necessary to perform a conventional calculation
of the scattering rates under the SERTA and another where all
the matrix elements are set to 1. The latter gives us a direct
access to the J parameter whereas the G2 parameter is obtained
by dividing the scattering rates calculated conventionally by Jnk.

3 Results
3.1 Crystal and electronic structures

Among the various Sn(II) oxides, the conventional SnO has been
extensively studied both theoretically and experimentally. It
possesses a tetragonal crystalline structure with a distinguish-
ing layered arrangement as shown in Fig. 1(a). The presence of
a lone pair on the tin atom results in different stacking patterns
compared to SnO2. In the case of SnO, the Sn–O–Sn layers are
stacked along the c-axis, exhibiting relatively weak van der
Waals (vdW) interactions.40 The structural properties of SnO
obtained with GGA PBE and PBE0 are in good agreement with
the experimental results,40–43 as shown in Table 1 but also with
the numerous computational data obtained with various
techniques.25,44–49 The use of vdW corrections has been shown
to significantly improve structural agreement with experi-
mental data in the case of SnO44,49 (and more generally in
layered materials). However, in the case of SnO, these correc-
tions tend to underestimate the band gap with PBE, resulting in
a semi-metallic behaviour. The lack of a band gap is detrimen-
tal to the study of the transport properties of SnO and therefore
PBE with vdW cannot be used. Our PBE values for the effective
masses – one of the key parameters in carrier transport

calculations – lie between the values obtained using PBE0
(with and without vdW corrections), see Table 2. We expect
our transport results to be relatively unaffected by the choice
of the XC functional in SnO. Nevertheless, the use of a hybrid
functional remains needed to obtain accurate band gaps. In
the case of SnO, a direct band gap of 3.29 eV is obtained with
PBE0 without vdW corrections, in agreement with other experi-
mental studies ranging from 2.5 to 3.3 eV,5,50–53 as shown in
Fig. 2.

The other ternary tin oxides investigated in this study share
a similar layered structure to SnO, except for c-K2Sn2O3, as seen
in Fig. 1. Notably, K2Sn2O3 is slightly more stable in its cubic
phase rather than the rhombohedral phase which is described
experimentally as the high-temperature phase.55 Besides, the
phonon dispersion curve of r-K2Sn2O3 presents imaginary
frequencies, a sign of dynamical instability (see ESI†). On the
other hand, Rb2Sn2O3 favours the rhombohedral configuration.
Nevertheless, even in the cubic phase, the lone pairs of tin
atoms tend to avoid each other within a three-dimensional Sn–
O–Sn network. Finally, the rhombohedral structure of TiSnO3 is
slightly different than those of r-K2Sn2O3 and Rb2Sn2O3 as
edge-sharing TiO6 octahedra are present instead of hexagonal
planar geometry between K/Rb and O. The structural properties
of the ternary tin oxides are summarised in Table 1, where good
agreement is also found with experimental literature55–59 and
other theoretical works.23,27,60 For K2Sn2O3 and Rb2Sn2O3, the
PBE0 functional shows very close agreement with experimental
results. However, this is less true for TiSnO3, where
PBE0 significantly overestimates the c-axis, resulting in a larger
interlayer spacing. Applying vdW corrections, as was done for
SnO, brings the results closer to experimental values, though
some discrepancies remain. Our PBEsol results fall between the
two PBE0 calculations, with and without vdW corrections and
are closer to the experimental measurements. As in the case
of SnO, we have chosen not to use vdW corrections for the

Fig. 1 Crystal structures of (a) SnO, (b) c-K2Sn2O3, (c) Rb2Sn2O3 and (d) TiSnO3. r-K2Sn2O3 has the same rhombohedral structure as Rb2Sn2O3 and is
therefore not shown here. Sn atoms are in dark green, O atoms in red, K atoms in blue, Rb atoms in light green and Ti atoms in orange. The different
crystal structures are plotted using VESTA.54
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transport calculations, as they do not lead to significant
changes in the conductivity effective masses, as seen in Table 2.

The band structures and optical properties of the different
ternary oxides computed with PBE0 are shown in Fig. 2. The
band gaps of r-K2Sn2O3 and Rb2Sn2O3 are relatively small with
values close to 2 eV (2.355 and 2.365 eV, respectively). For c-
K2Sn2O3, an indirect band gap of 2.504 eV is found whereas
TiSnO3 presents the highest band gap of the ternary oxides with
an indirect band gap of 2.433 computed with PBE0 and vdW
corrections (3.369 eV without), slightly higher than experi-
mental results of 1.90 eV.61 For the sake of completeness, the
band gaps have also been calculated using the HSE06 XC
functional. They are provided in the ESI.†

3.2 Transport

3.2.1 SnO. Interestingly, the layered structure of SnO pro-
motes interlayer transport (in the c-axis) over intralayer trans-
port (in the a- and b-axes). This particularity of SnO is directly
noticeable in its effective mass, as shown in Table 2 and Fig. 2.
The computed interlayer conductivity hole effective mass of
0.58 computed with PBE falls within the range of theoretical
values reported in the literature (0.50–0.64m0) whereas the intra-
layer conductivity hole effective mass of 2.32 seems to be a little
underestimated compared to other works (2.8–3.2m0).23,26,46,48

The disparity in these values can be attributed to the differences
in the methodologies employed to calculate the effective mass

across the various studies (i.e. parabolic fitting, or more accurate
approaches such as the conductivity effective mass). The PBE
effective masses also fall between the values obtained using PBE0
and PBE0+vdW corrections, mirroring the trends observed in the
interlayer spacing with the different XC functional. This large
difference between intralayer and interlayer transport in SnO is
also very marked in the hole mobility. Using IBTE, we find a
converged hole mobility of 11 cm2 V�1 s�1 in the a- and b-axis
(intralayer transport) and of 41 cm2 V�1 s�1 for the c-axis (inter-
layer transport). The comparison of theoretical phonon-limited
mobility results with experimental measurements must be done
with caution, as our calculations do not include impurities,
defects, or grain boundary scattering, all of which are inherent
to experimental samples. We note that our drift mobility results
are in good agreement with the field-effect drift measurement of
Kim et al.62 of 25 cm2 V�1 s�1 obtained on thin films. Due to the
lack of drift mobility reports, we will now compare these results
with Hall mobility measurements. Fig. 3 shows our drift mobility
and estimated Hall mobility results with temperature. The latter
are calculated using a constant Hall factor (rH) of 1.77 as found in
ref. 25. However, this remains an important approximation as the
Hall factor can exhibit a complex temperature trend.63 Our
temperature-dependent results are in agreement with those
reported by Miller et al.64 for undoped polycrystalline SnO as
shown in Fig. 3. In their work, they achieved a record experimental
Hall mobility of 30 cm2 V�1 s�1 for a low carrier concentration
(around 1 � 1016 cm�3) at room temperature.

On the other hand, thin films results range from 1 to
21 cm2 V�1 s�1 using different deposition methods.5,52,65–70

The high volatility of Sn during the growth of thin films leads to
the formation of Sn vacancies, resulting in an increased carrier
concentration and unintentional doping of the SnO thin
films.66 This can explain the slightly lower experimental results
observed for thin films compared to bulk samples. However,
through precise modulation of the kinetic and thermodynamic
conditions during the film growth process, it becomes possible
to effectively minimise ionised-impurity and grain boundary
scattering. This optimisation strategy contributes to the
achievement of the highest thin film mobility value reported of
21 cm2 V�1 s�1 obtained by Minohara et al.66 with a low carrier
concentration of 7 � 1016 cm�3. Our mobility results are also in
agreement with a previous computational work performed by Hu
et al.25 where a mobility of 7.4 and 60.0 cm2 V�1 s�1 is found

Table 1 Structural properties of the different Sn(II) compounds studied in this work

Materials Space group Sn–O–Sn (1)

a (Å) c (Å)

PBE(sol) PBE0 Exp. PBE(sol) PBE0 Exp.

SnO P4/nmm 117.8 3.88a 3.80 3.8042,43 5.06a 4.98 4.8443

3.79b 4.82b

c-K2Sn2O3 I21%3 167.6 8.32 8.41 8.4157 8.32 8.41 8.4157

r-K2Sn2O3 R%3m 180 6.04 6.03 6.0057 14.07 14.34 14.3457

r-Rb2Sn2O3 R%3m 180 6.13 6.13 6.0957 14.86 15.22 15.1057

TiSnO3 R%3 — 5.08 5.07 5.0756 20.83 22.04 20.6956

5.06b 20.23b

a In the case of SnO, PBE was used instead of PBEsol. b PBE0 with vdW correction.

Table 2 Conductivity hole effective masses and IBTE mobilities (eigen-
values) of the different Sn(II) computed with GGA PBE (SnO) and GGA
PBEsol (all the other Sn(II)). The convergence studies can be found in the
ESI

Materials

m�h m0ð Þ mh (cm2 V�1 s�1)

Intralayer Interlayer Intralayer Interlayer
PBEsol PBE0 PBEsol PBE0

SnO 2.32a 2.19 0.58a 0.47 11.0 40.8
2.09b 0.66b

c-K2Sn2O3 0.23 0.23 — — 346.8 —
r-K2Sn2O3 0.19 0.21 0.43 0.29 316.5 181.7
r-Rb2Sn2O3 0.20 0.24 0.32 0.28 281.4 182.6
TiSnO3 0.41 0.44 0.66 0.46 171.7 98.6

0.34b 0.55b

a In the case of SnO, PBE was used instead of PBEsol. b PBE0 with vdW
correction.
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using two empirical models for polar optical and acoustic
deformation scattering.

Fig. 4 demonstrates that the linewidths of SnO, and there-
fore the scattering rates (as linewidth is proportional to 1/t),
closely follow the behaviour of the G2 parameter (see eqn (4)),
which is directly linked to the strength of the e–ph coupling.

Specifically, we observe a first plateau in the scattering times up
to 50 meV, followed by a substantial increase and a second
plateau. Given the lack of any significant changes in the
electronic structure at these energies, the sudden rise in
scattering times can be attributed to the activation of new
important phonon-mediated scattering channels with energies

around 50 meV. The function �vVB2tVB
@f

@e
d e� eVBð Þ (reported

in grey in Fig. 4), which gives access to the hole mobility once
integrated, shows the energy states participating in the hole
transport and their relative importance. Even if the peak of this
curve (at 34 meV) is reached before the sudden increase, the tail
largely encompasses it, demonstrating the importance of these
high-frequency modes for the hole mobility in SnO. Another
way to show the importance of high-frequency phonons is to
look at the temperature dependence of the mobility. As shown
in Fig. S2 (ESI†), an important temperature-dependence change
is observed around 100 K when higher energy vibrational
modes are thermally activated.

A comprehensive view of the phonon properties of SnO is
shown in Fig. 5: panel (a) displays the phonon band structure,
while panel (b) shows the projected density of states (PDOS) for
this structure. Finally, panel (c) presents the spectral decom-
position of the scattering rates at two distinct energies (34 and
64 meV) corresponding to the first and second plateau of Fig. 4.
Notably, this decomposition highlights and confirms the cru-
cial role played by high-energy phonon modes in the scattering
rate of SnO. However, these modes, mainly associated with

Fig. 2 Band structures of (a) SnO, (b) c-K2Sn2O3, (c) r-K2Sn2O3, (d) Rb2Sn2O3 and (e) TiSnO3 computed using hybrid DFT (PBE0). (f) Band–band optical
absorption for the different Sn(II) oxides.

Fig. 3 IBTE hole drift mobility of SnO against temperature. Using a
constant Hall factor of 1.7725 for the range of temperature, the approx-
imate Hall mobility is also shown and compared with experimental results
from ref. 64.

Journal of Materials Chemistry C Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

5:
55

:3
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc01708d


14544 |  J. Mater. Chem. C, 2025, 13, 14539–14551 This journal is © The Royal Society of Chemistry 2025

oxygen motion (as indicated in the PDOS), can only participate
to the transport when the transition fnk to fmk+q requires a high-
frequency phonon oqn of B50 meV as schematised in Fig. S3(a)
(ESI†). Within the first plateau (around 34 meV for instance),
the only scattering processes involving these states and these
high-frequency phonons can only be out-of-state transitions by
phonon emission or in-state transitions by phonon absorption.

Other types of transitions are not possible as the state fmk+q

does not exist (i.e., the electronic state would be in the band
gap). In the case of SnO, the out-of-state emissions are favoured
as the states that can perform this type of transition are closer
to the top of the valence band. This is also induced by the
decreasing shape of the curve of the J parameter shown in
Fig. 4. This can be demonstrated by using a simple model

Fig. 4 Hole linewidths (in teal) near the VBM of SnO. The two parameters, G2 and J, resulting from the decoupling of the scattering rates are also shown

in orange and red, respectively
1

tnk
¼ Gnk

2 � Jnk

� �
. The grey area represents the function �vVB2tVB

@f

@e
d e� eVBð Þ where vVB and tVB stand for the carrier

velocity and lifetime in the VB,
@f

@e
is the derivative of the Fermi–Dirac distribution function with respect to the energy and d the Dirac delta function. By

integrating this function, the relaxation time approximation (RTA) hole mobility is obtained. In other words, only the electronic states present under this
curve participate in the hole transport of SnO.

Fig. 5 (a) SnO phonon dispersion computed using the PBEsol functional. The Eu (TO and LO) and A2u (TO and LO) are highlighted in orange and teal,
respectively. The grey areas around G show the regions relevant (due to energy conservation) for the scattering, as expressed in eqn (2). (b) Phonon
projected density of state (PDOS) with the contribution of Sn and O in green and red, respectively. (c) Spectral decomposition of the hole scattering rates
at two different band energy level corresponding to the two plateaus of Fig. 4 (34 meV in red and 64 meV in orange).
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based on a single parabolic band and a phonon following the
Einstein model as seen in Fig. S3(b) (ESI†). We observe a
decreasing behaviour of J with energy in the case of a transition
due to the emission of a phonon and an increasing behaviour
when an absorption take place.On the other hand, an initial
state close in energy to the second plateau (at 64 meV for
example) allows all the different transitions with these pho-
nons. This is also expressed by the much larger area under the
curve in Fig. 5(c) for the latter. With this first-principles study,
we reaffirm the significance of these high-frequency phonon
modes, complementing previous findings based on phenom-
enological models25 with a more in-depth analysis.

The other important parameter to look at during a transition
between two states is the conservation of momentum. The light
grey regions in the dispersion curve (Fig. 5(a)) correspond to the
areas where intravalley scattering is relevant. This means that
the only q vectors available for a transition that respect the
conservation of the momentum are in the light grey area. For
instance, this implies that acoustic modes with a large e–ph
coupling at q = M as identified by Chen et al.71 do not
participate in the hole transport. Indeed, due to a rather curvy
band at the G-point of SnO, a transition involving a momentum
transfer of q = M is forbidden. In short, the phonon modes that
scatter the hole the most in SnO are high-frequency modes with

small q (i.e., close to G) that predominantly involve intralayer
vibrations of oxygen. Fig. 6(a) and (d) illustrate these modes at
two different locations at G, corresponding respectively to an
optical longitudinal (LO) Eu mode (G1 in Fig. 5), where the
oxygen atoms move in phase, and an optical degenerate Eg

mode (G2 in Fig. 5), with oxygen atoms moving out-of-phase
(the two degenerate Eg modes have the same atomic displace-
ments pattern but in the two different intralayer directions).

A crystal orbital Hamilton population (COHP) analysis
(Fig. 6(b) and (c)) with distorted structures due to these two
phonons is carried out using an amplitude of 0.5 Å for the
largest atomic displacement. The G1 mode does not seem to
affect the electronic structure considerably, whereas the G2

mode tends to strongly destabilise the VBM. While increased
mixing between the Sn5s–O2p and Sn5p orbitals could have
increased the s-character of the VBM and caused destabilisa-
tion, in this case, the destabilisation mostly results from the
interaction between the O2p orbitals of two neighboring oxygen
atoms. The two states being similar in energy, this hybridisa-
tion is favoured. However, this interaction is only possible
when the oxygen atoms move out-of-phase, bringing them
closer together and enabling this important hybridisation.

3.2.2 Other Sn(II) compounds. The incorporation of a third
element into the binary SnO system has demonstrated notable

Fig. 6 (a) and (d) Atomic displacements corresponding to the LO Eu mode (G1 in Fig. 5) and the degenerate Eg modes (G2 in Fig. 5), respectively. The two
degenerate Eg modes showing the same atomic displacements but in the two different intralayer directions. (b) and (e) Present the projected Crystal
Orbital Hamiltonian Populations (COHP) for the two corresponding vibrational modes (in red) as well as the pristine SnO (in blue). The interaction
between O2p and O2p is highlighted. Here, the –COHP is plotted in order to have the bonding levels to go to the right and the anti-bonding levels to the
left. (c) and (f) Show the DOS corresponding to the two modes and pristine SnO with a focus on the O2p contribution.
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advantages in terms of band gap enhancement and phase
stability26 but it also provides substantial improvements in
the hole effective mass of the material.23 The latter can mainly
be attributed to the more favourable Sn–O–Sn configuration,
which promotes better overlap between tin and oxygen atoms.
This is confirmed by the computed crystal orbital bond index
(COBI),72 which allows for the quantification of the covalency of
bonding in solid-state materials. While the COBI of the Sn–O
bond in SnO has a relatively low value of 0.43 (indicative of
weak covalency), the ternary oxides show significantly higher
values: around 0.67 for c-K2Sn2O3, and 0.68 for both r-K2Sn2O3

and Rb2Sn2O3. In TiSnO3, the COBI of the Sn–O bond is 0.55,
whereas the Ti–O bond also plays a role and shows a relatively
high covalency with a COBI value of 0.69. Table 2 confirms
that the ternary oxides exhibit notably superior hole effective
masses compared to SnO, particularly in the intralayer direc-
tions (for layered compounds) where the effective masses
decrease by an order of magnitude. In fact, looking at the
effective masses in the interlayer direction, only a slight
decrease is observed for r-K2Sn2O3 and Rb2Sn2O3 compared to
SnO whereas TiSnO3 possesses a rather similar hole band mass,
albeit slightly higher. This similarity arises from their compar-
able crystal structures, where tin atoms in both materials are
directly positioned facing each other.

The hole mobilities results for the ternary oxides are sum-
marised in Table 2. The mobility obtained are much higher than
those obtained for SnO, with c-K2Sn2O3 presenting the higher
value with 347 cm2 V�1 s�1. We note that the results for
r-K2Sn2O3 should be considered with caution due to the presence
of imaginary phonon frequencies. Overall, the hole mobilities
obtained using the IBTE methodology mainly follows the trend
of the effective masses except for TiSnO3. Indeed, with a larger
effective mass than SnO in the interlayer direction, one might
expect a lower mobility in this direction compared with the value
obtained for SnO. In fact, this is what is obtained using simple
phenomenological models.26,27 These simple approaches, how-
ever, based on the Fröhlich73 or Vogl models74 do not fully take
into account the anisotropy and particularly in this case the
effective masses in the other directions. In the Boltzmann
transport formalism and the relaxation-time approximation
(RTA), the curvature of the bands plays a crucial role not only
in determining velocities in eqn (1) but also indirectly influences
the number of states participating to transport. A higher effective
mass corresponds to a flatter band structure, which in turn
provides a larger number of available states and scattering
channels for the carriers. This can be seen as the parameter J,
obtained from eqn (2) and shown in Fig. 7(c). The importance of
this J parameter is largely underestimated in the models. Con-
sequently, materials exhibiting an excellent effective mass in one
direction but poor effective masses in the other two directions,
such as SnO, might exhibit lower mobility in that favourable
direction compared to materials, such as TiSnO3 with a higher
effective mass in the same direction but excellent low effective
masses in the other two directions.

Generally speaking, the parameter J is directly related to the
DOS (or Seebeck) effective mass which takes into account both

the effective mass and the valley degeneracy.75 In fact, J is very
low for r-K2Sn2O3 and Rb2Sn2O3 due to their low effective mass,
whereas it is slightly higher for TiSnO3 for the same reason.
Among the ternary oxides, c-K2Sn2O3 exhibits the highest
value for J, primarily due to the presence of multiple pockets
resulting from its VBM at the high symmetry point H, as shown

Fig. 7 (a) Hole linewidths, (b) G2 parameters and (c) J parameters with
SnO in yellow, c-K2Sn2O3 in purple, r-K2Sn2O3 in blue, Rb2Sn2O3 in red and
TiSnO3 in green.
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in Fig. S4 (ESI†). This larger number of valleys, in contrast to
the classic single valley at G observed in the other studied
materials, leads to an increased number of available states
facilitating new intervalley transitions. Finally, the shape of the
curves of the various ternary oxides is also very different from
SnO. This is probably linked to the larger number of transitions
made by absorption of a phonon and not emission as shown in
Fig. S3(b) (ESI†), which is the opposite of what happens in SnO.

However, this high number of possible transitions in
c-K2Sn2O3 is counterbalanced by the low strength of e–ph
coupling (G2) leading to very low scattering rates close to the
VBM, as shown in Fig. 7(a) and (b). In comparison with SnO,
the ternary oxides do not present such an abrupt increase of
this G2 parameter close to the VBM. An important rise is
observed for TiSnO3, similarly to SnO, but it only occurs after
90 meV where the electronic states do no longer participate
greatly to transport. By analysing the linewidths, it can be seen
that the lowest values are observed for TiSnO3 and c-K2Sn2O3,
while the highest values are found for r-K2Sn2O3 and Rb2Sn2O3

within the energy range relevant for transport. This pattern
aligns with the trend observed in the G2 parameter related to
the e–ph coupling. However, it is noteworthy that these line-
widths remain considerably lower than those exhibited by SnO
after the important increase. This implies that in SnO the high
scattering rates are due to both an important e–ph coupling
and an important number of states allowing the different
transitions to happen. In other words, the tendency for a large
J parameter to be linked to a small G2 parameter as observed in
the different ternary oxides, does not apply in the case of SnO.

To analyse the phonon modes that exhibit the strongest
coupling with electrons and compare them with SnO, we
performed a spectral decomposition of the scattering rates for
the four ternary oxides at 300 K. The analysis is performed at an
energy value specifically chosen to correspond to the energy for
which the maximum number of states participate in transport,
as shown in Fig. S5 (ESI†). The results are shown in the ESI†
(Fig. S6, S7, S8, and S9 for c-K2Sn2O3, r-K2Sn2O3, Rb2Sn2O3 and
TiSnO3, respectively). The most noticeable observation is that
the modes with the strongest hole coupling are consistently
associated with a significant displacement of the third atom,
namely Rb, K, or Ti, in addition to oxygen, as depicted in panel
(b) of these figures. Another interesting finding is that the tin
displacement in these modes is small, which is also in line with
the results observed in SnO. In the rhombohedral materials,
the large displacement of the third atom can be either in the
direction perpendicular to the layers or in the layers and
exhibits a similar pattern across all three compounds. These
vibrational modes exhibit an LO–TO splitting and belong to
either Eu or A2u symmetry. However, TiSnO3 also possesses
rather important high-frequency phonon modes, in contrast
with r-K2Sn2O3 and Rb2Sn2O3 but in a similar way to SnO. Being
very high in frequency, they do not allow a large number of
transitions, which limits their impact at room temperature.
Nevertheless, we can expect them to play a crucial role as the
temperature rise. Finally, in the case of c-K2Sn2O3, the T (LO)
mode just below 18 meV, associated with perpendicular

displacement of the two distinct K atoms, is responsible for
just under half of the scattering of the holes. In comparison to
SnO, the high-frequency modes associated with oxygen motions
do not play the main role in the ternary oxides at room
temperature. This can be attributed to their too high frequen-
cies, which are already barely accessible in SnO at 300 K,
leading to a restricted number of electronic transitions.

For the moment, these ternary tin oxides remain challenging
to synthesise, with only a few studies reporting successful sam-
ples. Theoretically, their stability regions have been shown to be
very narrow, primarily due to the lower stability of Sn(II) compared
to Sn4+. Nevertheless, TiSnO3 has been successfully synthesised
recently,56 and K2Sn2O3 has also been reported to be synthesised
via the in situ reduction of K2Sn3O7.76 These recent advancements
could open new avenues for the synthesis of tin(II) oxides, allowing
experimental confirmation of our theoretical insights.

4 Conclusion

In this work, we present the computationally predicted hole
mobility of SnO as well as that of different ternary Sn(II) oxides,
assessing their potential as promising new candidates in the
TCO field, with mobilities comparable to state-of-the-art n-type
materials and band gap between 2 and 3 eV. The computational
methodology employed in this study for the transport proper-
ties, which is based on an exact treatment of the BTE, has
demonstrated excellent agreement with experimental results
for SnO. We are therefore confident that experimental measure-
ments on the ternary oxides could also align closely with our
predicted mobility values.

Our theoretical work also demonstrates the use of a new
decoupling methodology of the scattering rates that provides
significant insights into the e–ph scattering behaviour in these
oxides. We highlighted the important role of effective mass on
the lifetime of the studied compounds, something that is not
always taken into account in simple models. One such example
is SnO, which exhibits two very poor transport directions pri-
marily attributed to a high effective mass in these directions.
Consequently, the direction in which SnO demonstrates a more
favourable effective mass is directly impacted, influenced by the
large number of scattering channels provided by a flat band.

We also show that in SnO, e–ph scattering is predominantly
dominated by high-frequency modes involving oxygen motion,
which are also associated with significant destabilisation of the
VBM. In the ternary compounds, it appears that the third atom
plays a direct role in carrier scattering, with a limited number
of phonon modes participating. These new insights into the
scattering behaviour of these oxides could help to mitigate e–ph
scattering, potentially enhancing the transport properties of
this class of materials.
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J. Denier, C. Dreyer, P. Ghosez, M. Giantomassi, Y. Gillet,
O. Gingras, D. R. Hamann, G. Hautier, F. Jollet, G. Jomard,
A. Martin, H. P. C. Miranda, F. Naccarato, G. Petretto,
N. A. Pike, V. Planes, S. Prokhorenko, T. Rangel, F. Ricci, G.-M.
Rignanese, M. Royo, M. Stengel, M. Torrent, M. J. Setten,
B. V. Troeye, M. J. Verstraete, J. Wiktor, J. W. Zwanziger and
X. Gonze, ABINIT: Overview and focus on selected capabilities,
J. Chem. Phys., 2020, 152(12), 124102, DOI: 10.1063/1.5144261.

33 J. P. Perdew, A. Ruzsinszky, G. I. Csonka, O. A. Vydrov,
G. E. Scuseria, L. A. Constantin, X. Zhou and K. Burke,
Restoring the Density-Gradient Expansion for Exchange in
Solids and Surfaces, Phys. Rev. Lett., 2008, 100(13), 136406,
DOI: 10.1103/physrevlett.100.136406.

34 G. Brunin, H. P. C. Miranda, M. Giantomassi, M. Royo,
M. Stengel, M. J. Verstraete, X. Gonze, G.-M. Rignanese and
G. Hautier, Phonon-limited electron mobility in Si, GaAs, and
GaP with exact treatment of dynamical quadrupoles, Phys. Rev.
B, 2020, 102(9), 094308, DOI: 10.1103/PhysRevB.102.094308.

35 R. Claes, G. Brunin, M. Giantomassi, G. M. Rignanese and
G. Hautier, Assessing the quality of relaxation-time approx-
imations with fully automated computations of phonon-
limited mobilities, Phys. Rev. B, 2022, 106(9), 094302, DOI:
10.1103/PhysRevB.106.094302.

36 G. Brunin, H. P. C. Miranda, M. Giantomassi, M. Royo,
M. Stengel, M. J. Verstraete, X. Gonze, G.-M. Rignanese and
G. Hautier, Electron-phonon beyond Fröhlich: dynamical
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