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Structural design principles for low hole effective
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High mobility p-type transparent conducting oxides (TCOs) are critical to current and future
optoelectronic devices such as displays, transparent transistors or solar cells. Typical oxides have flat
oxygen-based valence bands leading to high hole effective masses and low mobilities. This makes the
discovery of high hole mobility oxides very challenging. Sn®* oxides are known to form Sn-s/O-p
mixtures and dispersive valence bands (low hole effective mass). However, not all Sn>* oxides exhibit
low hole effective mass, pointing to the importance of structural factors. Here, we analyze the
electronic structure and chemical bonding of three Sn®* oxides of interest as p-type oxides: SnO and
the two K,Sn,Oz polymorphs. We rationalize the differences in their hole effective masses by their
Sn—-O-Sn angles. As band dispersion is governed by the orbital overlap, Sn—O-Sn angles near 180°
maximize the overlap and minimize the hole effective mass. We show that this principle is generalizable
to a larger set of Sn?* oxides. Our work leads to simple structural design principles for the development
of low hole effective mass oxides based on Sn?* (but also other reduced main group cations) offering a
new avenue for the ongoing search for high mobility p-type TCOs.

1 Introduction

Transparent conducting oxides (TCOs) are critical to many
technologies, from thin film solar cells to touch screens."?
The commercially available TCOs are de facto n-type while their
p-type counterparts are lagging behind because of their poor
material properties.>> One of the main issues with the currently
known p-type TCOs is their lower carrier mobility compared to
the best performing n-type oxides. The absence of high mobility
p-type TCOs prevents the development of many technologies
including transparent electronics.* Hence, the discovery, design
and development of novel p-type TCOs is a very active field of
materials research.’

One can chemically rationalize the poor hole mobility of
typical oxides by their very flat valence bands with an O-p
character which leads to large hole effective masses.® The use
of certain transition metal cations such as Cu'* can mitigate
this problem as their d-orbitals hybridize with the O-p orbitals
lowering the hole effective mass.” ' However, while the work
on Cu-based materials has led to significant progress in the
field, p-type TCOs still perform poorly compared to n-type
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oxides especially in terms of mobility. One should also mention
the recent demonstration of high p-type conductivities in highly
doped Cr-based oxides (e.g:, Cr,03, LaCrOs, CuCr0,)."*™* However,
the transport mechanism in these materials is polaronic, leading
to very low mobilities and excluding their use in various applica-
tions such as transparent transistors.

An alternative way of inducing curvature in the valence band
is to use reduced main group cations with the (n — 1)d'’ns>
electronic configuration (Sn**, Pb>*, Bi*"...). Recently, we per-
formed a computationally driven high-throughput search to
identify several low hole effective mass p-type TCO candidates.
This large-scale study highlighted the potential of s-orbital-
based p-type TCOs.'>'® Quantitatively, the diffuse s orbital of
the (n — 1)d"’ns® cations overlaps significantly more with the
O-p orbitals than the localized d orbitals of the transition
metals. This leads to much lower hole effective masses for
oxides based on reduced main group cations (m, ~ 0.2m,, m,
being the free electron mass) than for traditional Cu-based
chemistries (m, =~ 2m,). This finding is in line with the
experimental interest in s-orbital-based p-type TCOs, more
particularly in SnO."” ™ It has also motivated further computa-
tional studies of Sn** compounds.?®*! While the presence of
reduced main group cations such as Sn** can lead to very low
hole effective masses, our high-throughput search demonstrated
that this is not a sufficient requirement. Indeed, a significant
fraction of oxides containing reduced main group cations
does not exhibit low hole effective masses. Among the 50 known
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Sn** oxides present in the Inorganic Crystal Structure Database
(ICSD),** only a handful of materials (K,Sn,0; and Rb,Sn,0O; in
different polymorphs) show exceptionally low hole effective
masses. This demonstrates that not only the chemistry (i.e.,
the presence of certain cations) but also the crystalline structure
plays an important role in determining the hole effective masses.

In this work, we precisely investigate the structural factors
leading to low hole effective masses in (n — 1)d'°ns* oxides. We
focus on Sn** oxides and analyze the electronic structure and the
character of the valence band for SnO as well as for two K,Sn,03
phases. We rationalize the much lower hole effective mass present
in the K,Sn,0; phases in comparison with SnO in terms of their
very different Sn-O-Sn angles. Angles close to 180° maximize the
overlap between the Sn-s and O-p orbitals and lead to lower hole
effective masses. We demonstrate the generality of this simple
principle on a larger set of known Sn>* oxides. Our analysis leads
to a new design principle for low hole effective mass Sn>"-based
p-type oxides requiring Sn-O-Sn angles as close as possible
to 180°. These guidelines will be of great help to the development
of s-orbital-based high mobility p-type TCOs.

2 Methods

All computations have been performed within the density
functional theory (DFT) using the generalized-gradient approxi-
mation (GGA) exchange-correlation functional in its Perdew,
Burke, and Ernzerhof (PBE) version. We used the VASP package
and projector augmented wave (PAW) pseudopotentials.?®**
The effective mass tensors were computed using the approach
outlined in our previous work and using the Boltztrap code.>
Details of the procedure are available in ref. 15 and 26. The hole
effective mass (my,) is a symmetrical tensorial property:

myp mp mp3
T
my = [ mp mxn my 1)
mi3 My mss

SnO (P4/nmm) (b)

r-K,Sn,0, (R3m)
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This symmetrical second-rank tensor has three real eigenvalues
and associated principal directions (eigenvectors). In the following,
we will report these three eigenvalues in order to compare the
different materials.

The creation of the input files and the processing of the
output files are performed using the Pymatgen code.”” The band
structures are obtained along high-symmetry lines following the
conventions introduced in ref. 28. The Crystal Orbital Overlap
Population (COOP) analysis is performed using the Lobster
package.”®*® All the visualizations of the crystal structures and
of the charge densities are obtained using VESTA.*' All the data
on effective masses will be available in a future publication.’?
More details can be seen in the ESL.{

3 Results

The most investigated s-orbital-based p-type TCO is currently tin
monoxide (SnO). It has been widely studied experimentally'” "3
and computationally."®**% Its tetragonal (P4/nmm) unit cell is
shown in Fig. 1(a). It consists of layers of square out-of-plane
coordinated Sn** sharing O®~ vertices.

Fig. 2 shows the DFT band structure of SnO along the high-
symmetry lines of the Brillouin zone. Due to its tetragonal
symmetry, SnO shows only two hole effective mass eigenvalues:
one along the I'-Z direction of 0.59m, and another of 2.8m, in
the plane perpendicular to the former direction (for instance,
along the I'-X direction). These directions correspond respec-
tively to inter-layer and intra-layer transport (Fig. 1(a)). It is
remarkable that the low-hole-effective-mass (high mobility)
direction is the one perpendicular to the layers. This is in
agreement with the higher mobilities measured in c-axis
oriented SnO samples.*®

To relate the hole effective mass to the electronic structure of
SnO, we analyzed the character of the valence band using atomic
projected band structures, the partial charge densities, and
the COOP analysis. In Fig. 2(a), the color scheme for the band
structure indicates the Sn or O character of the different bands.

(c) c-K,Sn,0, (12,3)

>~

Fig.1 The conventional cells of (a) SnO with the space group P4/nmm, (b) r-K,Sn,Os3, and (c) c-K,Sn,Osz. The oxygen, tin, and potassium atoms are
respectively colored in red, gray and violet. The three principal values of hole effective mass tensor (m;, m,, ms) and their corresponding principal

directions are reported in the crystals.
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(a) DFT band structure of SnO, (b) partial charge density at the valence band maximum, and (c)—(f) partial charge density cuts in the (101) plane of

the conventional cell (Fig. 1(a)) for two different valence bands at two specific k-points (as indicated in panel (a)). In panel (b), the isosurface corresponds
to 0.009 Bohr~3. In panels (c)-(f), the partial charge densities are represented using a color scale ranging from 0 to 0.01 Bohr™>.

The valence band shows Sn and O characters as expected with
Sn>* cations. The Sn and O characters of the valence band are
also observed in the partial charge density isosurface plot at the
valence band maximum (VBM) (Fig. 2(b)). In addition, we
carried a COOP analysis (see Fig. S1 of the ESIf). The COOP
indicates anti-bonding Sn-O and Sn-Sn characters for the
valence band. The linear combination of atomic orbitals
(LCAO) theory applied to solids relates the effective mass to
the orbital overlap. Larger overlaps lead to lower effective
26:37 Following the previous analysis, the hole effective
mass in SnO is driven by the Sn-Sn and Sn-O overlap. Informa-
tion about the directional dependence of the overlap can
be obtained by observing the partial charge densities of the
valence band in the two directions. Plane-cuts of the partial
charge densities of the valence band (anti-bonding) but also at
the corresponding bonding part of the band structure are
shown in Fig. 2. Fig. 2(c) and (d) correspond respectively

masses.
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to the plane-cuts for the bonding and anti-bonding partial
charge densities in the I'-X, intra-layer direction. The orbital
interaction which is easier to visualize in the bonding state is
mainly between Sn and O. On the other hand, Fig. 2(e) and (f)
correspond respectively to the plane-cuts for the bonding and
anti-bonding partial charge densities in the I'-Z, inter-layer
direction. Here, the bonding state shows weaker Sn-O inter-
action and a stronger Sn-Sn overlap. The anisotropic transport
in SnO is then easily explained by intra-layer orbital interaction
due to the Sn-O overlap while inter-layer transport is due to the
Sn-Sn orbital interaction.*®

Among the lowest hole effective mass materials identified by our
previous high-throughput study' are two Sn** polymorphs of
K,Sn,05: a rhombohedral form (r-K,Sn,03) with space group R3m
and a cubic one (c-K,Sn,03) with the space group I2,3. The synthesis
of these two compounds had been reported in the literature
but without experimental opto-electronic characterization.***°

This journal is © The Royal Society of Chemistry 2017
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The computed hole effective masses of the K,Sn,0; phases are
around 0.2 to 0.4m, and close to the electron effective masses in
traditional n-type TCOs (i.e., 0.1 to 0.2m,).>® The presence of
Sn** in these oxides is at the origin of its exceptional low hole
effective mass as Sn-s orbitals mix with O-p orbitals to lead to a
dispersive valence band. However, it has been unclear why the
K,Sn,0; phases significantly outperform SnO.

The structure of r-K,Sn,0; in its conventional hexagonal unit
cell is reported in Fig. 1(b). Similarly to SnO, r-K,Sn,0; forms a
layered structure. Here the Sn-O-Sn network is composed of out-
of-plane triangular Sn>" sharing O~ vertices. Fig. 3 shows the
DFT band structure of r-K,Sn,0; along high-symmetry lines. Due
to the rhombohedral symmetry, the hole effective mass tensor
exhibits only two eigenvalues. The eigenvalues corresponding to
intra-layer transport (I'-X direction for instance) are extremely
low at 0.23m, while the inter-layer hole effective mass (I'-Z
direction) is higher but still competitive at 0.43m,. Similarly to
SnO, the atomic projections used for coloring the DFT band

(a)
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structure in Fig. 3(a) indicate the Sn and O mixture at the valence
band. Additionally, the Sn and O characters at the valence band
are also observed in the partial charge density isosurface plot
at the VBM (see Fig. 3(b)). Furthermore, the COOP analysis
suggests that the valence band originates from an anti-bonding
Sn-O interaction with an important bonding Sn-Sn interaction
(see Fig. S2 of the ESIt). The directional dependence of the partial
charge densities can also be observed in Fig. 3(c)-(f). The bonding
states corresponding to the anti-bonding Sn-O states at the
valence band are observed in Fig. 3(c) and (e). The mainly bonding
character of Sn-Sn can be observed in Fig. 3(d) and (f). r-K,Sn,05
behaves differently than SnO, which shows a more pronounced
difference between the overlap in the intra-layer and inter-layer
directions. Nevertheless, the analysis of both oxides leads to the
same conclusion that Sn-Sn and Sn-O overlap drives the valence
band curvature and the hole effective mass.

In r-K,Sn,03, the intra-layer hole transport is easier than the
inter-layer hole transport. The inter-layer transport is similar to

0
41 [y
Sn 2 [
S
2
>
(@)
| -
Q
c
LLl

Fig. 3

V.

S .\

(a) DFT band structure of r-K»Sn,Os, (b) partial charge density at the valence band maximum, and (c)-(f) partial charge density cuts in the (112)

plane of the conventional cell (Fig. 1(b)) for two different valence bands at two specific k-points (as indicated in panel (a)). In panel (b), the isosurface
corresponds to 0.012 Bohr=>. In panels (c)-(f), the partial charge densities are represented using a color scale ranging from 0 to 0.01 Bohr=>.
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SnO with hole-effective-mass values of 0.43 and 0.59m,. On the
other hand, the intra-layer hole effective mass is much smaller
(0.23m,,) than for SnO (2.82m,,). The lower effective mass should
be the result of stronger orbital overlap between Sn and O. This
stronger overlap can naturally be rationalized in terms of the very

p-orbitals

Fig. 4 The angle Sn—O-Sn influences the overlap between Sn-s and O-p
orbitals.

(a)
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different Sn—O-Sn angles between r-K,Sn,0; and SnO. In the case
of SnO, the Sn-O-Sn angles are around 118° leading to a smaller
Sn-s/p to O-p overlap than that of r-K,Sn,O; which shows 180°
Sn-O-Sn angles maximizing the s—p overlap. Fig. 4 illustrates how
the Sn—O-Sn angle sets the magnitude of the Sn-s/O-p overlap.
The other existing polymorph of K,Sn,0j; is cubic (¢-K,Sn,03)
with the 12,3 space group. It also shows extremely low hole
effective masses. The crystal structure of c-K,Sn,0O; in its con-
ventional cell is reported in Fig. 1(c). Similarly to the rhombohe-
dral phase, the Sn>" cations sit in triangular out-of-plane local
environments. These triangular environments share vertices
similarly to the rhombohedral phase but do not form a layered
structure. Instead, a three-dimensional Sn-O-Sn network is
formed. Due to the cubic symmetry, the hole effective mass
tensor is isotropic. The unique eigenvalue is very low (0.27m,).
The DFT band structure of ¢-K,Sn,0j3 is shown in Fig. 5(a) along
with the atomic projections. The valence band is also composed
of Sn and O characters as visualized in the partial charged
density isosurface at the VBM (Fig. 5(b)). In contrast to the
layered SnO and r-K,Sn,0;, the COOP analysis indicates negli-
gible Sn—-Sn overlap and only a Sn-O mixture at the valence band

O
Sn 2

S
)

N
>
(@)}
o
)
c

L

L ——— |
(c) (e)
Fig. 5 (a) DFT band structure of c-K,Sn,Os3, (b) partial charge density at the valence band maximum, and (c)-(f) partial charge density cuts in the (010)

plane of the conventional cell (Fig. 1(c)) for two different valence bands at two specific k-points (as indicated in panel (a)). In panel (b), the isosurface
corresponds to 0.009 Bohr™>. In panels (c)-(f), the partial charge densities are represented using a color scale ranging from 0 to 0.01 Bohr—>.
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(see Fig. S3 of the ESIt). Plane-cuts of the partial charge densities
along two of the crystallographic directions (see pairs of panels
(¢), (d) and (e), (f) of Fig. 5) at the anti-bonding valence state
and the corresponding bonding state clearly shows the Sn-O
overlap. Similarly to the intra-layer transport in the rhombo-
hedral phase, the very low hole effective mass emerges here from
the large overlap between Sn and O-p orbitals due to the near
180° Sn-O-Sn angle.

Our study on SnO and the two polymorphs of K,Sn,0; shows
that the hole effective masses in tin oxide materials are set by
Sn-Sn as well as Sn-O overlap. The Sn-O overlap (and therefore
the effective masses) will depend strongly on the Sn-O-Sn angle
(see Fig. 4). The maximum overlap is obtained when the angle
is at 180° and Sn-O-Sn is linear. This rationalizes the much
lower effective mass obtained for c-K,Sn,O; and intra-layer
r-K,Sn,03, compared to intra-layer SnO. To further test the
generality of the importance of the Sn—-O-Sn angle in driving
Sn>* oxides hole effective mass, we took into account all the
available Sn®" oxides present in the ICSD** (around 50 com-
pounds). The low number of compounds is indicative of the
challenges in the synthesis of Sn** oxides but also points to the
high potential for the discovery of novel Sn*" oxides. As we only
focus on the link between effective mass and the Sn-O overlap,
we exclude oxides which had an important contribution from
other elements than Sn or O at the VBM. We also excluded
oxides with isolated Sn-O groups that are not linked together
(e.g., NaSn,(PO,)s, Na,Sn(CO,),, SnSO,). We notice that none of
these excluded oxides presents very low hole effective masses.
This leaves us with 18 Sn** oxides for which we can relate the
hole effective mass in a given direction to the average Sn-O-Sn
angle. The information on all the ICSD** Sn** oxides is provided
in the Tables S1 and S2 of the ESI.} Fig. 6 shows the relationship
between the hole effective mass and the average Sn-O-Sn angle
of the selected Sn>" oxides. We observe the expected general
trend with the lowest hole effective masses being achieved for

T T T T T T T T T
1 ¥Sn0O-Pmn2,-[100]
1
1V Ta,Sn,0,-[all]
| \ ]
6 1 ]
- \ -4

\
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Fig. 6 The hole effective masses (my,) as a function of the average Sn—O-Sn
angle along different directions for various Sn-based oxides. For each data
point (red triangles), the chemical formula and the direction are explicitly
indicated.
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angles close to 180°. The scattering of the data points can
probably be attributed to factors other than the Sn-O-Sn angles
such as the Sn-O or Sn-Sn distance and the presence of other
species than Sn and O. Sn-O-Sn angles lower than 120° only lead
to very large hole effective masses (e.g., Ta,Sn,O,). While
the lowest hole effective masses are obtained for angles close
to 180° in the K,Sn,0; and the isostructural Rb,Sn,0; phases,
we notice that angles higher than 120° can lead to already
competitive hole effective masses.

4 Discussions

We have linked the hole effective mass to the chemical bonding
in the three Sn** compounds SnO, r-K,Sn,0; and c-K,Sn,0s;.
Our analysis outlines the importance of the Sn-O-Sn angle
in leading to extremely low hole effective masses. Indeed, the
Sn-O overlap, which drives the curvature of the valence band in
these Sn®" oxides, is maximized for Sn-O-Sn angles close to
180°. Our work leads to simple design principles for achieving
low hole effective masses in Sn>" containing oxides. Obviously,
the VBM should have only Sn and O-p characters as the presence
of other (non (7 — 1)d*°ns”) cations in the VBM character would
be detrimental to transport. This is the reason for high hole
effective masses in oxides such as SnMosOg or VSnPOs (see
Table S1 of the ESIt). When only Sn”" is present in the valence
band, two types of overlap can be observed Sn-Sn and Sn-O. If
good hole transport is achieved in all directions (as it is favored
for materials used in polycrystalline films), at least one crystal-
line direction will be influenced by the Sn—O overlap. For this
(or these) direction(s), which depend(s) on the Sn-O overlap, the
Sn-O-Sn angles should be as close as possible to 180° to
maximize the overlap between Sn-s and O-p orbitals.

These design principles explain why many Sn** compounds
do not show low hole effective masses despite the favorable
Sn** chemistry. It also rationalizes why the K,Sn,0; phases are
among the lowest hole effective mass oxides reported so far.
The potassium atomic levels are low in energy leading to a
valence band of Sn and O characters. In addition, the optimal
arrangement of the Sn>" out-of-plane triangular environment in
the K,Sn,0; phases leads to Sn—O-Sn angles close to 180°. The
cubic K,Sn,0; is especially fascinating, as it provides isotropic
transport in a fully three-dimensional Sn-O-Sn network
with Sn-O-Sn angles close to the optimal value. While we
focused here on Sn*" compounds, our design criteria should
be extendable to other (n — 1)d'°ns® chemistries such as Pb*",
Bi*", Sb®*.. .. In fact, the isostructural cubic phase of K,Pb,0;
also exhibits a very a low hole effective mass. The best n-type
TCOs are based on chemistries related to the reduced main
group cations leading to s-orbital-based p-type TCOs. Indeed,
compounds containing (n — 1)d'°ns® cations such as Sn** (e.g.,
Sn0,), In** (e.g., In,0;), Sb>" (e.g., ZnSb,0¢), Zn** (e.g., ZnO),
Ga** (e.g., Ga,0;) show a large overlap with O orbitals as well
but in the conduction band.’ It is therefore natural to wonder if
it is also required to have linear metal-oxygen-metal (M-O-M)
networks in order to lower the electron effective masses.
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The two situations are however slightly different. Previous
studies have shown that the conduction band minimum of
n-type TCOs shows a significant oxygen-s component.”®*! No
O-s character is present in the valence band of the p-type TCOs
based on reduced main group cations and only the strongly
directional p orbitals are at play. The O-s character present at
the bottom of the conduction band of n-type TCOs should
result in electron effective masses less sensitive to the oxygen
local environment and to the crystal structure in general. This
could explain why cations leading to high performance n-type
TCOs in the binaries lead to low electron effective mass oxides
even in alternate polymorphs or in ternaries. This is also in line
with the common explanation of the good mobility in n-type
amorphous TCOs based on non-directional metal oxygen
orbital interactions.”” Interestingly, our finding hints at larger
difficulties in making s-orbital-based high mobility p-type
amorphous oxides. However, recent studies have shown that
percolating lone-pair Sn-Sn interactions could be sufficient to
provide good electronic transport in Sn*" amorphous TCOs in
three dimensions.*® Further investigation of the relatively less
explored field of p-type amorphous s-orbital-based TCOs could
clarify this discussion.

We would also like to point out that it is challenging to find the
appropriate crystal structures following our design principle based
on the reduced main group cations. Three dimensional linear
M-O-M chains are easily formed using centrosymmetric coordina-
tion environments (octahedron and tetrahedron). For instance,
this is the case in perovskites ABO,;.** However, reduced main
group cations such as Sn**, Pb®>" and Bi*" are lone-pair active and
tend to form non-centrosymmetric environments.*” For instance,
Sn**-based oxides mainly show square out-of-plane, triangular
out-of-plane and see-saw coordination environments.*® The
combination of such distorted environments in order to form
three-dimensional networks with linearly coordinated oxygen
is possible as demonstrated with the K,Sn,0; phases. It is,
however, achieved in relatively rare crystal structures.

Finally, while our work focuses on hole effective mass which
is a key property of p-type TCOs, we need to emphasize the
multi-property nature of the materials design process in TCOs.
In addition to the carrier mobility, which is driven by effective
mass, p-type dopability and transparency would need to be
taken into account when developing novel p-type TCOs.

5 Conclusions

Very low hole effective masses can be achieved in oxides
containing reduced main group cations (Sn**, Bi**, Pb*",...).
However, the presence of main group cations does not guarantee
alone a low hole effective mass. It is thus important to identify
the structural factors that influence the hole effective masses.
We addressed this question using Sn>" as a typical reduced main
group cation. By performing an extensive analysis of the bonding
and the electronic structure for three Sn** oxides proposed as
p-type TCOs (SnO, r-K,Sn,03, and ¢-K,Sn,0;), we have identified
the Sn-O-Sn angle to be an essential structural factor governing
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the hole effective masses in Sn®>" oxides. Indeed, the Sn-O
overlap which drives the curvature of the valence band in these
oxides is maximized for Sn-O-Sn angles close to 180°. Not only
can the important hole effective mass differences between SnO
and K,Sn,0; be rationalized in terms of the Sn-O-Sn bond
angle, but the relation between this angle and the hole effective
mass also holds for other Sn>" oxides. Our work leads to a series
of design principles for low hole effective mass s-orbital-based
oxides. In addition to the presence of a reduced main group
cation controlling the character of the valence band, a network of
metal-oxygen bonds with angles as large as possible (ideally
close to 180°) is necessary. We hope that these new design
principles will facilitate and motivate future experimental and
computational search for novel s-orbital-based p-type TCOs.
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