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Role of self-trapping in luminescence and p-type conductivity of wide-band-gap oxides
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We investigate the behavior of holes in the valence band of a range of wide-band-gap oxides including ZnO,
MgO, In, 03, Ga,03, Al,O3, SnO,, SiO,, and TiO,. Based on hybrid functional calculations, we find that, due to
the orbital composition of the valence band, holes tend to form localized small polarons with characteristic lattice
distortions, even in the absence of defects or impurities. These self-trapped holes (STHs) are energetically more
favorable than delocalized, free holes in the valence band in all materials but ZnO and SiO,. Based on calculated
optical absorption and emission energies we show that STHs provide an explanation for the luminescence peaks
that have been observed in many of these oxides. We demonstrate that polaron formation prohibits p-type

conductivity in this class of materials.

DOI: 10.1103/PhysRevB.85.081109

The performance of wide-band-gap oxides in electronic,
photonic, and photochemistry applications is intimately related
to the behavior of electrons in the lowest-energy unoccupied
(conduction-band) states and holes in the highest-energy
occupied (valence-band) states.!?

Many of these oxides (e.g., ZnO, In, O3, Ga,03, SnO,, and
TiO,) exhibit unintentional n-type conductivity, with carrier
densities and mobilities comparable to those in conventional
semiconductors. The conduction-band states are derived from
the metal atoms, leading to electron-related properties that vary
from compound to compound. The valence-band states, on the
other hand, are derived mainly from the O 2p orbitals and are
characterized by small dispersion, large effective masses, and
high density of states.

These factors are conducive to the formation of small
polarons, i.e., localized holes trapped by local lattice
distortions*® (see Fig. 1), as opposed to the highly mobile
holes that are delocalized over regions encompassing many
lattice constants in conventional semiconductors. The interest
in the existence of self-trapped holes (STHs) in oxides goes
beyond basic research, since it is likely related to the difficulties
in achieving the technologically desirable p-type doping of
these materials and to their optical properties.

Self-trapped holes were extensively characterized in the
alkali halides in which they were originally discovered
and are referred to as V; centers.” Electron paramagnetic
resonance (EPR) and photoluminescence (PL) measurements
are typically used.>®° In oxides such as a-SiO», localized holes
associated with defects and impurities have been observed,'*-!!
and trapped holes associated with aperiodic local potential
fluctuations in amorphous or polycrystalline materials have
also been reported.'? Characterization of STHs not associated
with defects in wide-band-gap oxides has remained elusive,
however. The occurrence of isolated STHs was suggested
based on EPR in TiO,’ and PL in Ga,O3.'3 Optical signatures
of self-trapped excitons, which involve an electron coulombi-
cally attracted to the STH, have also been reported for MgO,'*
Ol-A1203,15 and Si02.16

Although wide-band-gap oxides satisfy the criteria set
by phenomenological models for the existence of STHs,*?
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relatively few studies based on first-principles calculations
have explicitly treated trapped holes or predicted localization
in otherwise perfect lattices.'”?° The most widely used
computational approach, namely, density functional theory
within the local density or generalized gradient approxima-
tions (DFT-LDA or -GGA) fails in predicting such charge
localization, partly as a consequence of the inherent self-
interaction error in these methods. Hartree-Fock calculations
for clusters have predicted the formation of STHs in «-
Al,O3;'7 however, Hartree-Fock calculations suffer from the
opposite problem of DFT-LDA/GGA, since they tend to
overestimate localization.'*?!

A new class of hybrid functionals in density functional
theory overcomes the problem and provides greatly improved
descriptions of charge localization.?? In the present work we
use the Heyd-Scuseria-Ernzerhof (HSE)? hybrid functional to
study the stabilization of STHs in a set of oxide materials (ZnO,
In303, Ga, 03, Al,O3, TiO,, SnO,, MgO, and Si0,) that cover
a wide range of crystal structures, oxygen coordinations, band
gaps, and dielectric constants. We study STH stabilization by
calculating energy differences between self-trapped and delo-
calized holes, analyze the local lattice distortions, and report
on the optical absorption and emission energies associated
with the trapped holes to aid in experimental characterization
and identify the impact of STHs on optical properties. We
show that luminescence lines observed in several of the
oxides can be attributed to the formation of STH, and we
offer predictions for as yet unidentified lines. In addition, our
calculated energies for polaron migration indicate very low
hole mobilities, thus prohibiting effective p-type conductivity
in this class of oxides.

Our calculations are based on generalized Kohn-Sham the-
ory with the HSE functional and the projector augmented-wave
method, as implemented in the VASP code.>*?> The parameter
o that determines the amount of Hartree-Fock exchange is
chosen so as to provide accurate values for band gaps, which
are listed in Table I; this choice also leads to lattice constants
that are within 1% of the experimental values, as summarized
in the Supplemental Material®® (see also Refs. 27—41 therein).
Tests using the commonly used o = 0.25 value show that
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FIG. 1. (Color online) The relaxed configuration of the STH in
(a) O{-A1203, (b) ,B-Ga203, (C) bCC-IH203, (d) O{-SiOz, (C) rutile SHOZ,
and (f) MgO. The differently colored cations in (b) and (c) represent
the inequivalent Ga and O sites in 8-Ga, O3 and In sites in bcc-In, O3.
The charge density isosurfaces illustrating the polaron wave function
are shown at 10% of their maximum value.
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our qualitative conclusions about STH stabilization are not
sensitive to the choice of «, but the optimized « values are
chosen for all reported stabilization energies based on their
improved description of the bulk properties.

We investigate the formation of STHs by removing an
electron from the valence-band maximum in a supercell and
allow for low-symmetry lattice relaxations by including small
random displacements of atoms around a given lattice site
in the initial configuration. We use supercells consisting of
120 atoms for a-Al,O3 and B-Ga,03, 96 atoms for ZnO,
80 atoms for bixbyite In,O3, 216 atoms for rutile TiO, and
Sn0,, 162 atoms for @-SiO,, and 216 atoms for MgO. We
used a cutoff of 400 eV for the plane-wave basis set, and a
2 x 2 x 2 mesh of special k points for the determination of
atomic structures. For these structures, total energies were
evaluated in a final cycle including only the I" point to ensure
proper occupation of the free hole state.

Atomic configurations and charge distribution of STHs in
various oxides are shown in Fig. 1. The STH is localized mainly
on a single O atom in the lattice, with a shape characteristic of
an O 2p orbital. The stability of the STH in a given material
is determined by the difference in the total energies of the
localized hole n™ (including energy cost of the local lattice
distortion) and the delocalized hole A™ in the perfect lattice,
which we define as the self-trapping energy Egr:

EST = Etot[XmOn:h+] - Elot[XmOn:n+] - A‘_/,

where E[X,;0,:h*] is the total energy of a supercell of
the perfect crystal containing a hole in the valence-band
maximum, and E.y[X,,0,:n"] is the total energy of the
supercell containing the STH. Egr contains a term AV
that accounts for the alignment of the average electrostatic
potential between a perfect-crystal-like region in the supercell
containing the STH and V in the perfect supercell. A positive
Egr indicates a preference for self-trapping.

The calculated Et for the various oxides is listed in Table I.
Self-trapped holes are stable (i.e., lower in energy than free
holes) in all of the oxides investigated here, with the exception
of ZnO and «-SiO,. In ZnO we find that the STH cannot be
stabilized, as the atoms always relax to the ideal positions in the
perfect lattice. In «-SiO, we find the STH to be metastable;
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FIG. 2. (Color online) Schematic configuration coordinate dia-
grams showing energy as a function of the lattice distortion in the
formation of a self-trapped hole (STH). The top curve illustrates the
barrier E, between a free hole (k%) and the STH (n™), the latter
assumed to be lower in energy here by Egr. The optical absorption
process creates a free hole at the valence-band maximum (VBM)
and an electron at the conduction-band minimum (CBM); emission
results when the electron recombines with the hole, which has become
localized due to self-trapping.

i.e., the STH is higher in energy than the delocalized hole,
forming a local minimum configuration.

We also evaluated the energy barrier between the delo-
calized hole and the STH configuration by calculating total
energies (based on full electronic relaxation) for a series
of intermediate structures, constructed by interpolating the
atomic positions between the polaronic (distorted) and the
ideal (undistorted) lattice conﬁgurations,l&21 as schematically
illustrated in Fig. 2. Values are included in Table I. A finite
barrier is always present to convert the delocalized hole into
a STH, but the values indicate that the conversion process is
probably rapid.

Ga,0; displays an interesting combination of highest
Egt and lowest E, among the materials studied, consistent
with experimental observations of holes that are immediately
self-trapped.’> We also expect a strong tendency for STH
formation in In,Osz; no reports of self-trapped holes in
In, O3 have appeared in the literature, to our knowledge, and
we suggest this would be a fruitful area for experimental
investigations given the important applications of this material
as a transparent conducting oxide. STHs have also been
identified in rutile TiO; at 10 K by EPR measurements under
band-gap light excitation.’

The analysis of the optical transitions associated with
STHs is based on the calculation of configuration coordinate
diagrams, an example of which is shown in Fig. 2. Excitation
with above-band-gap light results in electron-hole pairs; if
the holes become self-trapped, emission lines with energies
below the band gap can result from recombination of a
conduction-band electron with a STH. Self-trapped excitons
(STEs) can also form if an electron is coulombically attracted
to the STH; in that case the emission energy would be
further reduced by an amount equal to the exciton binding
energy (not calculated here). Our calculated emission energies
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TABLE 1. Crystal structure, calculated and experimental band gap,?® and calculated values for hole self-trapping energy (Esr), energy
barrier to self-trapping (E}), and optical emission energy resulting from recombination of free electrons with STHs.

Band gap (eV)

Oxide Crystal structure Calc. Exp. Self-trapping energy Esr (eV) Barrier to trapping E; (eV) Emission (eV)
TiO, Rutile 3.13 3.03 0.11 0.11 2.04
SnO, Rutile 3.50 3.6 0.07 0.22 2.27
a-Al,O; Corundum 8.82 8.8 0.13 0.19 7.25
B-Ga,0; Monoclinic 4.83 4.9 0.53 0.10 3.10
In,05 Bixbyite 3.04 2.9 0.25 0.14 1.51
ZnO Waurtzite 3.34 34 - - -

MgO Rocksalt 7.95 7.9 0.01 0.20 6.80
a-Si0, a-quartz 8.73 8.9 —0.05 0.21 7.70

are included in Table I. Due to the large lattice distortions
associated with the STH, the emission lines are predicted to
be much broader than photoluminescence lines arising from
band-edge transitions; i.e., recombination involving STHs
is characterized by broad bands, large Stokes shifts, and a
strong temperature dependence, all indicative of large electron-
phonon coupling.

Our calculated STH emission energy of 6.8 eV in MgO
is in very good agreement with the 6.9 eV luminescence
peak attributed to self-trapped excitonic recombination in
MgO.'* Similarly for Al,O3, our calculated emission energy
of 7.25 eV is close to the observed luminescence peak at
7.5 eV assigned to STE recombination. !> The agreement found
for these well-established cases gives us confidence that our
calculated emission energies can be used to identify the source
of luminescence lines in other materials, where attributions
have been lacking.

For instance, it has been widely reported that Ga,0O3
exhibits a broad UV luminescence (UVL) centered around
3.1 eV.*>* This has typically been attributed to bound exci-
tons, but with a band gap of 4.83 eV, it seems highly unlikely
that this luminescence originates from band-edge recombina-
tion. Based on the excellent agreement between our calculated
emission line at 3.10 and the 3.12 eV value experimentally
observed in undoped single-crystal Ga,03,* we conclude that
the UVL is due to STHs, supporting previous suggestions.*>*+

For SnO,, our calculated STH emission of 2.27 eV likely
explains the broad green luminescence observed in highly
resistive single crystals under UV illumination, peaked at
2.38 eV at low temperature.** Interestingly, we find that the
STH in In, O3 would result in infrared emission centered at
1.51 eV, a wavelength range that, to our knowledge, has not
been probed in optical studies of this material.

The formation of STHs has profound consequences for
p-type conductivity in oxide semiconductors. Even if shallow
acceptors can be identified and incorporated (which has

proven very challenging), the resulting holes would become
self-trapped and exhibit very poor mobilities. An estimate
for the barrier for STH migration can be obtained by taking
the sum of Esr and Ej. Using Ga,O3; as a representative
case, we have investigated the migration of STHs in more
detail by calculating the energy along a linearly interpolated
path between initial and final polaron configurations along
the crystallographic b axis, resulting in a barrier of 0.40 eV.
Assuming an activated process we can estimate a polaron
mobility based on the Einstein relation,*> obtaining u ~
107® cm?/V s at room temperature.’®*® Such a low value
indicates that, even if holes could be introduced in these wide-
band-gap oxides (i.e., the Fermi level shifted to the vicinity of
the VBM), no significant p-type conductivity can be achieved.

In summary, we have presented hybrid functional calcu-
lations for self-trapped holes in a variety of technologically
relevant wide-band-gap oxides. STHs are stable in nearly
all of the studied oxides, except for ZnO. We note that
STHs can be further stabilized by the presence of impurities
or native defects; this could also provide a stabilization
mechanism in case STHs are higher in energy than free holes
in the perfect crystal. We have also reported luminescence
energies associated with the STH, finding good agreement with
experiment in some well-established cases and allowing us to
propose attributions for as yet unidentified PL peaks in others.
We conclude that STH formation is a fundamental property of
many oxide systems, which profoundly affects their electrical
and optical performance and poses an insurmountable obstacle
to the achievement of p-type conductivity.
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