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Transparent p-type materials with good mobility are needed to build completely transparent p-n
junctions. Tin monoxide (SnO) is a promising candidate. A recent study indicates great enhancement
of the hole mobility of SnO grown in Sn-rich environment [E. Fortunato et al., Appl. Phys. Lett. 97,
052105 (2010)]. Because such an environment makes the formation of defects very likely, we study
defect effects on the electronic structure to explain the increased mobility. We find that Sn interstitials
and O vacancies modify the valence band, inducing higher contributions of the delocalized Sn 5p
orbitals as compared to the localized O 2p orbitals, thus increasing the mobility. This mechanism of
valence band modification paves the way to a systematic improvement of transparent p-type
semiconductors. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4808382]

Transparent oxide semiconductors are materials that
combine controllable electrical conductivity with optical
transparency.! Though broadly used in a range of devices,
from solar cells to organic light emitting diodes, the applica-
tion of transparent semiconductors is limited because of a
lack of p-type materials with good properties,” such as high
hole mobility and controllable hole density. Good p-type
transparent oxide semiconductors would allow the fabrica-
tion of transparent p-n junctions, enabling new applications
of invisible circuits.*™® However, nowadays, the materials
still suffer from a low conductivity as compared to their
n-type counterparts.”® Therefore, it is crucial to find ways to
improve the hole transport.

The fact that hole transport in oxides is much worse
than electron transport is determined by the states forming
the edges of the valence and conduction bands. Typically,
the edge of the valence band (VB) is dominated by the O 2p
states, while the edge of the conduction band (CB) is gov-
erned by the metal states, as exemplified in the left-hand side
of Figure 1. This configuration renders a high mobility for
the electrons in the CB, whereas the mobility of the holes in
the VB is poor as they are trapped in localized O 2p orbitals.
With this picture in mind, a chemical design of p-type oxides
was proposed.”'® The main idea is to choose a metal pos-
sessing a closed or pseudo closed shell with an energy near
to that of the O 2p states, which increases the contribution
of the delocalized metal states to the VB edge and thus
improves the hole mobility. This mechanism is greatly
exemplified by tin monoxide (SnO), which shows a high
contribution of delocalized Sn 5s states to the VB and of
likewise delocalized Sn 5p states to the CB (right-hand side
of Figure 1), making the material a promising candidate for
transparent applications.”' -2

In spite of great improvements in recent years, an even
better hole mobility is required for more complex applica-
tions. In this direction, recent reports have demonstrated that
SnO films deposited in a very Sn-rich environment exhibit a
high hole mobility.>'* It has been suggested that the
enhancement of the hole mobility is due to the presence of
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metallic -Sn. However, because such a Sn-rich environment
is also likely to cause a lot of defects, we will take a deeper
look at the defects’ behavior. A theoretical study on defects
in SnO has shown that Sn vacancies in the —2 charged state
are responsible for the p-type behavior and has analysed the
charge distribution around the defects,13 but there is no study
reported on the impact of defects on the mobility. We
attempt to explain and rationalize the enhancement of the
hole mobility of SnO grown in Sn-rich environment by first
principles calculations, analysing the effects of native defects
on the orbital composition of the electronic states.

We calculate electronic structures in the framework of
density functional theory using the projector-augmented
wave method'*!'> as implemented in the Vienna Ab-initio
Simulation Package.'®'” The electron-electron interaction is
treated in the generalized gradient approximation as parame-
trized by Perdew er al.'"® The Sn 5s, 5p, and 4d as well as
the O 2s and 2p orbitals are considered as valence states,
whereas all other orbitals are treated as core states. The
energy cutoff is set to 600 eV and the Brillouin zone sampled
using the Monkhorst-Pack method'? with a T'-centered
3 x 3 x3k-mesh during the self-consistency cycle. The
atomic forces and total energy are converged to less than
0.02eV A~ 'and 107 eV, respectively. All the numerical pa-
rameters are selected after a careful convergence analysis.
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FIG. 1. Schematic diagram of the energy levels for a typical metal oxide
(left) and for SnO (right). For the typical metal oxide, the VB is dominated
by the O 2p orbitals and the CB by the cation states (e.g., Sn 5s for SnO5).
For SnO, the energy proximity of the Sn 5s and O 2p states results in equal
contributions to the VB edge. For a more complete picture of the level ener-
getics, the reader is referred to Refs. 24 and 25.
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To calculate the electronic density of states (DOS), the
k-mesh is refined to 7 x 7 x 7 and the tetrahedron integration
method is used. Partial DOSs are evaluated by projecting the
wave functions onto spherical harmonics around the Sn and
O atoms within a radius of 1.59 and 1.34A, respectively.
These values are selected by means of a Bader charge analy-
sis using the code of Henkelman and coworkers®*?! in order
to minimize both the overlap between the spheres and the
charge in the interstitial regions not covered by the spheres.

SnO has a litharge tetragonal structure (space group no.
129) with two formula units per unit cell. Our optimized lat-
tice parameters of the pristine SnO unit cell are a —3.87A
and ¢ =5.06 A, which compare well with the experimental
values® and with previous theoretical work on SnO using
the generalized gradient approximation.'**® Defects are
simulated using a 3 x 3 x 2 supercell with 72 atoms modified
by one of the following: a vacancy of tin (Vg,), an interstitial
of oxygen (O;), a vacancy of oxygen (Vp), or an interstitial
of tin (Sn;). For the interstitials, there are two possible sites:
The first is a tetrahedral site surrounded by four Sn atoms
and the second is (almost) the center of a Sn octahedron
(offset along the z-axis away from the O plane), as shown in
Figure 2. The present work only considers the octahedral
site, which was shown to be the most stable interstitial site.'?
For the defective supercells, the lattice parameters are kept
fixed at the values calculated for the pristine cell and only
the atomic positions are optimized.

The orbital contributions to the electronic structure of
pristine SnO are visualized by the partial DOSs in Figure 3,
showing a hybridization of the O 2p, Sn 5s, and Sn 5p states
in the VB. The O 2p and Sn 5s states form bonding and anti-
bonding orbitals that are completely filled. Normally, this
would not be energetically favorable, but a symmetry break-
ing in the z-direction allows for a further hybridization with
the Sn 5p orbitals (seen in the partial DOS), which lowers
the total energy. This mechanism gives rise to the SnO lith-
arge structure as pointed out by Walsh and Watson.**%3

FIG. 2. SnO native defects. Sn atoms are represented by large grey spheres
and O atoms by small red spheres. The octahedral site is shown in blue and
the tetrahedral site in green. Only the octahedral site is considered in this
work.
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Now, to understand the charge transport, we have to examine
the band edges because there the transport takes place. The
edge of the VB is located at 0 eV (Fermi energy) and is com-
posed of Sn 5s and O 2p states (approximately 40:60 mix-
ing). The CB edge is located near 0.5eV and is dominated
by Sn 5p states. These results are consistent with the princi-
pal picture discussed previously and with previous theoreti-
cal works.'??*%° Because the metal states are more spatially
spread than the oxygen states, the metallic contribution
to the VB renders the good hole mobility of SnQ.%!12
Therefore, an increase in the metallic contributions to the
VB edge is expected to further enhance the hole mobility.

Figure 4 presents the calculated electronic structures of
SnO with Vg,, O;, Vo, and Sn; defects, focusing on the
region from —2 to 2eV. When introducing a Vg, in SnO, we
observe a lowering of the Fermi level, indicating an acceptor
behavior for this defect. This observation is consistent with
the results of the formation energy study in Ref. 13.
Concerning the VB, however, there is no substantial change
as compared to the pristine case, with the edge still being
composed of a 40:60 mixture of Sn 5s and O 2p orbitals.
Thus, apart from Vg, being an acceptor, this defect does not
affect much the electronic behavior of the VB edge.
Likewise, for the O; defect there is no noticeable change in
the VB edge. The 2p orbitals of the interstitial oxygen con-
tribute mostly to the center of the VB, from —4 up to
—0.5eV, approximately. Thus, the O; does not affect the
edge of the VB and is not expected to change the mobility of
the holes.

On the other hand, the Vg defect shows a strong modifi-
cation of the VB edge from —0.25 to 0eV. While the contri-
bution of the Sn 5s states to the VB decreases a little, the
contribution of the Sn 5p states increases considerably.
Overall, this enhances the contribution of the Sn states
(Sn 55+ Sn 5p) to the VB edge, which now is about twice
the contribution of the O 2p states. As discussed previously,
this is expected to increase the mobility of the holes because

of the more dispersive character of the metallic bands.”*"'"12
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FIG. 3. Partial DOSs of pristine SnO. The summed valence states (O 2s + 2p
and Sn 55 + 5p + 4d), the summed s states (O 2s and Sn Ss), and the summed
p states (O 2p and Sn 5p) of all atoms of the same type are represented by a
black solid, a red dashed, and a blue dashed-dotted line, respectively. The
Fermi energy is set to the top of the valence band.
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FIG. 4. Partial DOSs for the defective SnO supercells. The summed valence states (O 2s + 2p and Sn 5s + 5p + 4d), the summed s states (O 2s and Sn 5s), and
the summed p states (O 2p and Sn 5p) of all atoms of the same type are represented by a black solid, a red dashed, and a blue dashed-dotted line, respectively.
A green solid line represents the p states of the interstitial atom, when there is one. The energy is measured in relation to the Fermi energy represented by a ver-

tical dashed line.

A similar feature is also observed in the DOS of the Sn;
defect. The state created by the Sn; near the VB edge shows
equal contributions from the 5p orbitals of the interstitial Sn
and from the O 2p orbitals. However, there is also a substan-
tial contribution from the 5p orbitals of the lattice Sn atoms
(not shown) resulting in a metal dominated region near the
VB edge, thus enhancing the overall hole mobility. Similar
or even better modifications of the VB edge could, in princi-
ple, also be achieved by other dopants.

We note that the O; and Vg, defects, which do not
affect much the electronic structure, are more likely to
appear in O-rich environment. On the other hand, Vo and
Sn; defects, which have a great impact on the hole mobility
by modifying the VB, are more likely to appear in Sn-rich
environment, thus explaining the increase in hole mobility
of SnO grown under such conditions, as observed experi-
mentally.'>?® A caveat to this is that the presence of defects
will also lead to a scattering of the charge carriers such that
a high concentration of defects might counteract a high mo-
bility. Therefore, it is important to find a balance between
the scattering and the mobility enhancement by electronic
modification of the VB edge to obtain an optimal hole
mobility.

Using density functional theory, we have studied the
effects of native defects on the electronic structure of SnO, a
transparent p-type semiconductor. In particular, we have
focused on a qualitative explanation of the mobility increase
found in SnO grown in Sn-rich environment by studying the
metallic contributions to the VB edge. We find that O; and Vg,
defects, that typically are generated under O-rich growth con-
ditions, do not modify the VB edge and thus are not expected
to contribute to the enhancement of the hole mobility.
Conversely, the Vo and Sn; defects dominating under Sn-rich
growth conditions enhance the metallic character of the VB,
mainly due to the Sn 5p states, and thus the overall hole mobil-
ity. Therefore, the presence of either Vo or Sn; defects can
explain the mobility increase for SnO grown in Sn-rich envi-
ronment. Moreover, our results indicate that pursuing dopants
that further modify the VB edge with delocalized states can be
a way to achieve even higher p-type mobility.
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