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Assessing the SCAN functional for deep defects and small polarons in wide band gap
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We find the recently developed strongly constrained and appropriately normed (SCAN) functional, now widely
used in calculations of many materials, is not able to reliably describe the properties of deep defects and small
polarons in a set of wide-bandgap semiconductors and insulators (ZnO, ZnSe, GaN, Ga,0;, and NaF). By
comparing first-principles calculations using the SCAN functional against established experimental information
and first-principles calculations using a hybrid functional, we find that the SCAN functional systematically
underestimates the magnitude of the structural distortions at deep defects and tends to delocalize the charge

density of these defect states.
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I. INTRODUCTION

Density functional theory (DFT) calculations using super-
cells are the workhorse method for investigating dopants and
defects in semiconductors [1]. These studies play a central
role in defect identification and also in guiding the discovery
of new materials and strategies to control their conductivity.
Some examples of this include calculations of point defects
in III-nitrides for optoelectronics [2], transparent conducting
oxides [3], and defects in wide-bandgap semiconductors for
quantum information science [4,5].

This success is due in part to the development and appli-
cation of advanced functionals such as the Heyd, Scuseria,
and Ernzerhof (HSE) [6] hybrid functional, which reduces the
amount of self-interaction error that is inherent to semi-local
functionals, and leads to an improved description of defects in
semiconductors [2,7]. Self-interaction errors lead to underes-
timated band gaps and a tendency to delocalize charge density
[8], precluding an accurate description of charge localization
and local lattice distortions, which are pertinent in the con-
text of defect calculations. However, the large computational
expense of hybrid functionals limits their widespread use for
large system sizes. One approach to overcome this is to rely on
functionals that improve upon the shortcomings of traditional
functionals such as the generalized gradient approximation
(GGA) and local density approximation (LDA) without in-
curring large computational costs. A prominent example is
the recently developed strongly constrained and appropriately
normed (SCAN) functional [9], which has been shown to have
less self-interaction error compared to the GGA and LDA
functionals [10].

Naturally, this motivates the question on whether the
SCAN functional can be reliably applied to investigate the
properties of defects in semiconductors. Indeed, several stud-
ies have begun to explore this question [11-18]. For the
calculation of defect transition levels, one approach has been
optimizing the structure with the SCAN functional and then
performing a single shot (i.e., no atomic relaxations) self-
consistent calculation with the HSE functional [15], while
other studies have relied on a forthright application of SCAN
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to determine the atomic geometry and total energies [11-14].
These approaches assume the local distortions due to the
defect in a given charge state are correctly captured with
SCAN. The SCAN functional has also been applied success-
fully to determine intradefect transition energies and optical
lineshapes of defects [17,18]. However, the success of this
approach is predicated on the single particle states of the
defect residing within the gap, combined with the fact that
SCAN yields reliable lattice dynamics for a wide range of
materials [19]. The overall consensus from these studies has
been in favor of applying the SCAN functional as a reliable
means to study defects in semiconductors.

While the SCAN functional leads to an encouraging
improvement over GGA and LDA in the description of semi-
conductors, in this paper we scrutinize a set of critical issues
that have not been considered when applying the SCAN func-
tional to the investigation of deep-level defects and small
polarons. Deep defects are characterized by a transition level
that is located in the gap (at an energy that makes room-
temperature ionization unlikely) and a wave function that is
localized on the length scale of an atomic bond. A small po-
laron forms when an excess charge carrier in a semiconductor
or insulator introduces a lattice distortion that is large enough
to lead to charge localization often around a single atomic
site. We focus on seven defects that allow us to highlight
the importance of charge localization and symmetry-breaking
structural distortions, aspects that are germane to the study
of deep defects and small polarons in all gapped materials.
The defects we will investigate are: substitutional calcium
acceptors (Cag,) in GaN, substitional carbon acceptors (Cx)
in GaN, the zinc vacancy (Vz,) and oxygen vacancy (Vo) in
ZnO, the zinc vacancy (Vz,) in ZnSe, substitutional magne-
sium acceptors (Mgg,) in -Ga,03, and the self-trapped hole
(hole polaron) in NaF. Each of these candidate defects have
been identified in experiment, which allows us to benchmark
our SCAN and HSE calculations.

We limit our investigation to semiconductors with band
gaps greater than ~3 eV. Focusing on defects in materi-
als with wide band gaps reduces the ambiguity in assessing
the properties of deep defect levels, despite the presence of
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TABLE I. Lattice parameters and fundamental band gaps of ZnO, ZnSe, GaN, Ga,0; and NaF obtained using PBE, SCAN and HSE.
Experimental results (Expt.) are from Ref. [20] for ZnO, Ref. [21] for ZnSe, Ref. [22,23] for GaN, Ref. [24,25] for Ga,0; and Ref. [26] for

NaF.
Material Lattice parameters A Band gap (eV)

PBE SCAN HSE Expt. PBE SCAN HSE Expt.
ZnO a=3.28,c=5.28 a=3.23,c=5.21 a=3.24,c=5.19 a=3.25,c=5.21 0.76 1.21 342 343
ZnSe a=5.74 a=5.63 a=5.69 a=5.67 1.14 1.70 2.90 2.82
GaN a=3.22,c=5.22 a=3.19,c=5.23 a=3.19,¢=5.17 a=3.19,¢=5.19 1.57 2.22 3.49 3.50
Ga,0; a=12.44,b=3.08, a=12.09,b=3.04, a=12.21,b=3.03, a=12.21,b=3.04, 2.25 2.94 4.86 4.48-4.90

c=5.92 c=5.82 ¢=5.80 ¢=5.80

NaF a=4.62 a=4.47 a=4.56 a=4.57 6.51 7.25 11.20 11.50

self-interaction errors. This is because the single particle lev-
els of the defect are more likely to reside in the gap, instead
of being hybridized with the band states of the host material.
This enables an evaluation of the other properties (charge
localization, structural distortions, and relaxation energies due
to optical transitions) that we are interested in as part of this
study.

We find that while the SCAN functional does identify deep
transition levels in the gap compared to GGA, it fails to
identify asymmetric structural distortions or describe charge
localization. Based on these insights, we recommend that
defect and doping studies that are based on the popular SCAN
functional must be interpreted with caution.

II. RESULTS AND DISCUSSION

Table I compares the lattice parameters and band gap
of GaN, ZnSe, ZnO, Ga,03, and NaF obtained using our
first-principles calculations (Appendix A), along with ex-
perimental values. The SCAN functional yields structural
parameters that are in good agreement with experiment, and
leads to band gaps that are improved compared to the Perdew-
Burke-Ernzerhof (PBE) functional, but still underestimated
compared to experiment. For defect calculations, the absolute
position of band edges is as important as the magnitude of
the predicted band gap [27]. Figure 1 illustrates the absolute
position of the band edges obtained using surface slab cal-
culations for each of the materials (Appendix B). Since the
SCAN functional improves upon the description of band gaps
and band edges compared to GGA, it does lead to charge-
state transition levels in the gap for the defects we investigate
(whereas some of these defects are predicted to be shallow
with GGA). When we compare our SCAN calculations with
what is known experimentally about these defects, and with
hybrid functional calculations, we note some key differences.

The first case study is Vz, in ZnO. Prior HSE calculations
[28,29] have shown Vz, in ZnO exhibits a (2+/+) level at
E,+0.25 eV, a (+/0) level at E,4+0.91 eV, a (0/—) level at
E,+1.45eVanda(—/2—)level at E,+1.92 eV (Appendix C),
where E, is the ZnO valence-band maximum (VBM). With
the SCAN functional, we find only the 0, — and 2— charge
states in the gap, with the (0/—) level at E,+0.25 eV and
the (—/2—) level at E,+0.51 eV. Furthermore, electron-
paramagnetic resonance experiments [30] have suggested that

each of the oxygen dangling bonds that are nearest neighbor to
the V7, site can host a localized hole state. This is corroborated
by our HSE calculations [Fig. 2(a)], where we show holes
localized on two of the oxygen dangling bonds in the neutral
charge state of V,, consistent with the two electrons that can
fill the Zn vacancy. Localizing the density on each oxygen
atom is also accompanied by a reduction in the Zn-O bond
lengths at the O atoms where charge is localized. In contrast,
the SCAN functional delocalizes the charge density of the two
empty states across multiple O atoms [Fig. 2(a)] for the neutral
charge state of V. This failure to describe charge localization
also results in lower lattice distortions of the O atoms in the
vicinity of the Zn vacancy site.

The second case study is the oxygen vacancy, Vo, in ZnO.
Previous first-principles calculations have established Vg is a
deep donor in ZnO with a (24-/0) level in the gap [29,31,32].
The g=+ charge state of Vj is not stable in equilibrium. With
HSE we find the (2+/0) level at E,+1.96 eV, in agreement
with prior HSE calculations [29,31]. With the SCAN func-
tional we also find the (24-/0) level to be stable in the gap,
but at a significantly lower ionization energy of E,+0.46 eV
(Appendix C). Calculations with HSE and SCAN find a
breathing relaxation of the Zn atoms that are nearest-neighbor

PBE SCAN HSE

Energy relative to vacuum level (eV)
(]

6.03-6.45-7.97

ZnO ZnSe GaN

-5.17-5.51:6.17 -5.71-6.00-6.74 -6.90-7.50-8.70 -9.68-10.36-11.3¢

Gay0, NaF

FIG. 1. Absolute position of valence and conduction band edges
with respect to the vacuum level using PBE (grey), SCAN (green)
and HSE (blue). The valence band energies are denoted at the bottom
of each bar.
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FIG. 2. Isosurfaces of the defect spin densities obtained using HSE and SCAN for: (a) VZOn in ZnO, (b) VJ in ZnO, (c) VZOn in ZnSe, (d) CaOGa
in GaN, (e) C?\I in GaN, (f) Mg%El in Ga, 03, and (g) the self-trapped hole in NaF. The position of the vacancy in [(a)—(c)] is illustrated with a
black dotted circle. A 1D profile of this density along the z axis plotted with respect to the defect position at z = 0 A is illustrated to the right

of the isosurface plots.

to Vo. In the g = 0 charge state, the Zn atoms move inwards
by ~9% with HSE and ~12% with the SCAN functional.
In the ¢ = + charge state, the Zn atoms move outwards by
~4% with HSE and ~2% with SCAN. While the degree of
charge localization is similar between HSE and SCAN for this
defect [Fig. 2(b)], we will show later that the underestimated
ionization energy and difference in relaxations between the
two functionals quantitatively affects comparisons between
experimental signatures of this defect and first-principles
calculations.

The third case study is the zinc vacancy, Vz, in ZnSe,
which acts as a deep acceptor analogous to the case of V,
in ZnO. The (0/—) level is at E,+0.59 eV and the (—/2—)
level is at E,+1.07 eV with HSE. We also find V7, can trap an
additional hole leading to a (+/0) level at E,+0.21 eV. With
the SCAN functional, the acceptor levels are more shallow
in comparison to HSE. The (0/—) level is at E,+0.28 eV
and the (—/2—) level is at E,40.64 eV (see Appendix C).
We find the SCAN functional fails to stabilize the + charge
state in the gap. In the negative charge state, where Vy, hosts
one hole, EPR measurements have suggested the Se atom
that localizes the hole distorts along the [111] direction to-
wards the vacancy site [33]. Our HSE calculations capture
this structural distortion and hole localization, as illustrated
in Fig. 2(c). The SCAN calculations also lead to a lower sym-
metry structure. However, the magnitude of the distortions are
lower, and the charge density of the defect is delocalized to a
greater degree beyond the Se atom that is nearest-neighbor
to the vacancy site, as compared to our HSE calculations
[Fig. 2(c)].

The fourth case study is the Cag, impurity in GaN. It is
a deep acceptor [34] and has recently been identified as an
efficient nonradiative recombination center in GaN [35,36].
Both HSE and SCAN identify Cag, as a deep acceptor: the
(0/—) level is at E,+0.73 eV with SCAN (Appendix C), and
it is at E,41.06 eV using HSE (again, E, is the GaN VBM).
With HSE, we find Cag, in the neutral charge state exhibits
a large asymmetric distortion; the axial Ca-N bond length is
17% longer than the equilibrium Ga-N bond length, which
localizes the hole on the axial N atom that is nearest neighbor
to Cag,. Hole localization and large asymmetric distortions
have been identified in the case of other group-II acceptors
on the Ga site in GaN using HSE calculations [37]. With
the SCAN functional, the nearest-neighbor Ca-N bonds are
symmetrically distorted in the neutral charge state, even if one
starts from the HSE geometry with the asymmetric distortion.
Consequently, the hole state is delocalized across multiple
nitrogen lattice sites for the calculations done with SCAN
[Fig. 2(d)].

The fifth case study is Cy in GaN, which has been estab-
lished as a deep acceptor [38,39]. HSE calculations find the
(0/—) level at E,+1.02 eV and with our SCAN calculations
the (0/—) level is more shallow at E,+0.64 eV. With HSE we
find Cy in GaN can trap an additional hole leading to a (4-/0)
level at E,+0.33 eV. The SCAN functional fails to stabilize
the positive charge state of Cy. The hole in the neutral charge
state that arises from Cy is composed of C 2p orbitals, which
we find in the gap in both HSE and SCAN calculations as
illustrated in Fig. 2(e). Note there is some delocalization of the
charge density towards the second-nearest-neighbor N atoms
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predicted with the SCAN functional. While both functionals
show Cy acts as an atomic like deep acceptor with the defect
state derived from the impurity, the local lattice relaxation
around the carbon impurity site differs between the two func-
tionals. With HSE, we find an asymmetric relaxation of the
nearest-neighbor C-Ga bonds in the neutral charge state, with
one of the basal plane C-Ga bonds increasing by 6% relative
to the equilibrium Ga-N bond length and the remaining three
C-Ga bonds increasing by 1%. With our SCAN calculations,
we find lower and symmetric distortions in the neutral charge
state; the four nearest-neighbor C-Ga bond lengths increase
by 1.5%. In the negative charge state the four C-Ga bonds
decrease in length by 1% using HSE and SCAN.

The sixth case study is the Mg, impurity, which is a deep
acceptor in Ga, O3 [40]. This is confirmed by both HSE and
SCAN calculations. The (0/—) level is at E,+1.45 eV using
HSE, which is close to the experimental value of 1.2 eV
[40]. With the SCAN functional, the (0/—) level is only at
E,+40.45 eV (Appendix C). Mg%a is a polaronic acceptor since
the hole is localized primarily on an oxygen atom that is
nearest-neighbor to Mgg,, and this is accompanied by a large
lattice distortion of this Mg-O bond. This hole localization,
which is captured in our HSE calculations [Fig. 2(f)], is in
agreement with electron-paramagnetic resonance (EPR) ex-
periments [41] that identified evidence for hole trapping on the
oxygen site due to Mgg,. Hole localization at deep acceptors
accompanied by large lattice distortions is a characteristic
feature of several oxide semiconductors, and has proven to
be crucial to understanding the electrical and optical proper-
ties of this important class of materials [42,43]. The SCAN
calculations lead to a lower lattice distortion in the vicinity of
Mgg,, and the hole in the neutral charge state is delocalized
across multiple oxygen sites.

The final case study is the self-trapped hole in NaF, which
is an archetypal example of a small polaron. Experiments and
theory [44,45] have shown that when holes are introduced
into NaF, they self trap to form small hole polarons which
are accompanied by the displacement of two near-neighbor
F atoms along the (110) direction towards each other. In our
HSE calculations, we find the dimerization of two F atoms
with a F-F bond length of 1.94 A, with the hole localizing
on both dimerized F atoms [Fig. 2(g)]. The SCAN functional
fails to stabilize the small polaron in NaF. It does not find the
dimerization of the F atoms, and also delocalizes the wave
function of the hole state across all of the F atoms.

In the seven case studies illustrated in Fig. 2, we find
that though the SCAN functional identifies deep thermody-
namic transition levels (albeit with ionization energies that are
underestimated compared to HSE), it systematically fails to
describe charge localization of the defect states and fails to
capture the large local structural distortions in the vicinity of
the defect or polaron site. If we compare the thermodynamic
transition levels obtained with calculations using SCAN and
HSE we note that they are approximately aligned on an ab-
solute scale if we account for the differences in band edge
energies obtained with the two functionals (Appendix C).
While the combination of corrected band edge positions in
combination with the calculation of thermodynamic transition
levels with SCAN may lead to an improved description of
ionization energies, we note an accurate description of charge
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FIG. 3. Change in vibronic energy of (a) Mgg, in Ga,03 and
(b) Cy in GaN in their negative charge states. The two sets of
data points correspond to HSE (blue triangles) and SCAN (green
circles) calculations illustrating the change in energy as the system
transitions from the geometry of the negative charge state to that of
the neutral charge state.

localization is essential to accurately predict a range of prop-
erties, which includes but is not limited to: electron-phonon
coupling due to defects [46], radiative recombination coef-
ficients [47] and hyperfine parameters [4]. The delocalized
charge density associated with the defect states obtained with
the SCAN functional, will lead to inaccurate predictions from
such calculations.

The inability to identify charge localization and large struc-
tural distortions impacts the coupling between the defect and
the lattice. If the occupation of the defect level is changed
either electrically or optically, or if there is a change in
the configuration of a defect wave function within the same
charge state (i.e., an intradefect transition), the initial and
final configurations often correspond to different geometries
of the defect. These local distortions of the defect geometry
manifest themselves experimentally and therefore serve as
“fingerprints” that can be used to identify the microscopic
origins of unknown defects. Coupling between the atomic
and electronic structure of the defect is best understood using
configuration coordinate diagrams and the Franck-Condon
approximation as discussed in Ref. [48]. Briefly, in the context
of an optical absorption measurement that involves a defect in
a given charge state and photoionization to a band edge, within
the Franck-Condon approximation the change in geometry
associated with the change in charge state of the defect leads
to a peak absorption energy that differs from the ionization
energy of the defect. This difference in energies is referred to
as the relaxation energy. Analogous arguments apply in the
context of photoluminescence that involves a defect state and
a band edge.

For example, for Mgg, in Ga,O3, experiments identified
the relaxation energy associated with photoionization from the
neutral to the negative charge state of Mgg, to be ~1.3 eV,
which is consistent with the relaxation energy of ~1.1 eV we
find in our HSE calculations of the configuration-coordinate
diagram for this process illustrated in Fig. 3(a). However, with
the SCAN functional the change in atomic geometry between
the two charge states is significantly lower than what we find
with HSE, and the corresponding relaxation energy (0.05 eV)
is more than an order of magnitude lower.

A similar situation occurs for Vo in ZnO, where opti-
cal absorption measurements in combination with EPR have
demonstrated evidence of photoionizing V) and generating
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the EPR active charge state, VO+ [49]. The metastable (4/0)
level is 1.74 eV above the ZnO VBM with HSE, and it is
0.12 eV above the ZnO VBM for our calculations with SCAN.
The optical process that stabilizes VJ occurs via optical ab-
sorption with a peak at ~2.6 eV, which is in good agreement
with the peak absorption energy predicted with HSE for the
absorption process that converts V(()) to V5 [29]. With the
SCAN functional, the predicted peak absorption energy for
this process is significantly lower; 1.79 eV. This is due in part
to the underestimated ionization energy and underestimated
lattice relaxation between the two charge states obtained with
the SCAN functional.

We also examined the photoluminescence process involv-
ing Cy in GaN where experiments [50] have shown a broad
yellow luminescence band with a peak energy of ~2.2 eV,
which is in good agreement with HSE calculations that predict
a peak emission energy of 2.14 eV and a large relaxation
energy of ~0.5 eV [39]. Our SCAN calculations underesti-
mate this relaxation energy, which we find to be ~0.3 eV as
illustrated in Fig. 3(b). This is due to an underestimation in
the lattice relaxation between the neutral and negative charge
state of Cy.

We have shown, in the context of using the SCAN func-
tional to analyze optical transitions due to these three defects,
one would fail to describe the microscopic details such as
the width of the optical spectra, even if the underestimated
ionization energies were corrected in a post-processing step
to match the HSE or experimental value. We also considered
how ionic screening due to changes in atomic configuration
can affect the calculated relaxation energy [51-53]. Using the
approach outlined in Ref. [51] for the case of Cy in GaN, we
find the correction to be on the order of ~0.1 eV with HSE
and SCAN, which is lower than the difference in relaxation
energies obtained using both functionals. Hence, we expect
our conclusions about the tendency for the SCAN functional
to underestimate relaxation energies will remain unchanged if
these effects are accounted for the cases of the Vg in ZnO
or Mgg, in Ga,Os, for which the differences in relaxation
energies between HSE and SCAN are larger.

The underestimated defect ionization energies obtained
with the SCAN functional are due to the underestimated band
gaps and incorrect position of band edges. Previous studies
have corrected the underestimation of the band gap and the
spurious delocalization of the charge density of deep defect
states either by applying a Hubbard-U correction to the states
of the host material [54], a correction to the localized states of
the defect [55] or applying modified semilocal functionals that
enforce piecewise linearity of the total energy with respect to
changes in occupation [56]. It might be tempting to conclude
that a forthright application of a Hubbard-U correction pro-
vides a solution to the shortcomings with applying SCAN for
defect calculations. A suitable test case is the Vg, defect in
Zn0O, where calculations using SCAN underestimates the ion-
ization energies and leads to delocalized charge densities. This
is due in part to the interaction of the filled Zn d band with the
O 2p states of the valence band, which leads to a VBM that is
too high on an absolute scale. Applying U=5 eV to the Zn-d
states (consistent with GGA+U calculations of ZnO [57]) in-
creases the SCAN+U ZnO band gap from 1.21 eV to 1.95 eV,
lowers the VBM by ~0.2 eV relative to the SCAN VBM, and

increases the ionization energy of the Vz, (0/—) and (—/2—)
levels. However, we find this SCAN-+U correction still leads
to charge that is delocalized across multiple oxygen atoms, in
contradiction with experiment and HSE calculations.

III. CONCLUSIONS

In conclusion, we examined the SCAN functional when
applied to investigations of point defects and self-trapped
holes (small polarons) in wide-bandgap semiconductors and
insulators, and compared our results with experiment and HSE
calculations. For deep-level defects, the SCAN functional
identifies thermodynamic transition levels in the gap. How-
ever, for each of the deep defects that we investigated, SCAN
delocalizes the charge density of the defect state, fails to
identify asymmetric structural relaxations, and underestimates
the change in geometry due to the change in charge state.
For self-trapped holes, the SCAN functional fails to describe
charge localization and the large lattice relaxation that accom-
panies the formation of these small polarons. We note that
these shortcomings that we identified with applying the SCAN
functional to defects also applies to the recently developed
regularized SCAN functional, 7?’SCAN (Appendix F). While
our investigation is limited to seven candidates, we anticipate
our conclusions on the failure to describe charge localization,
asymmetric structural distortions, ionization energies, and re-
laxation energies of defects with the SCAN functional will
broadly apply to the studies of deep defects in other semi-
conductors. For example, hole localization by impurities has
been identified in several nitride and oxide semiconductors,
[42] and asymmetric distortions due to impurities occur in a
number of semiconductors.
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APPENDIX A: COMPUTATIONAL METHODS

Our calculations are performed using density functional
theory (DFT) [58,59] with projector-augmented wave (PAW)
potentials [60] as implemented in the Vienna Ab initio Simula-
tion Package (VASP) [61,62]. We use the strongly constrained
and appropriately normed (SCAN) meta-GGA functional [9]
and the HSE hybrid functional [6]. We also verified our con-
clusions are unchanged by performing calculations with the
r?SCAN functional [63]. The energy cutoff for the plane-wave
basis set is 500 eV. For the HSE calculations, the fraction
of nonlocal Hartree-Fock exchange is set to 0.31 for GaN,
0.375 for ZnO and ZnSe, 0.32 for Ga,03, and 0.55 for NaF;
this results in band gaps and lattice parameters that are in
agreement with experiment for each of the materials. We use
the following VASP 5.4 PBE PAWs - Ga PAWs with d states
in the valence, Na PAW with (3s') in the valence, Mg with
(3s?) in the valence, Ca with (3p%4s?) in the valence, and
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FIG. 4. HSE and SCAN band structures for (a) ZnO, (b) ZnSe, (c) GaN, (d) Ga,0s, and (e) NaF with the SCAN band structure illustrated on
the left and the HSE band structure on the right for each material. (f) Planar average of the electrostatic potential for ZnO obtained by averaging
over planes that are parallel to the slab. The blue line is the macroscopic average, obtained by averaging the planar-averaged potential over a

region using the width of a single period.

the standard Zn, O, F, C, and N PAWSs. Defect formation
energies and thermodynamic transition levels are calculated
using the standard supercell approach [1]. We use 96 atom
supercells for GaN, 192 atom supercells for ZnO, 120 atom
supercells for 8-Ga,03, and 216 atom supercells for NaF and
ZnSe. Previous calculations have shown that these supercell
sizes yield converged formation energies and thermodynamic
transition levels for each of the defects and materials that
we investigate here [29,34,40]. When comparing the SCAN
versus HSE results, we use the equilibrium lattice parameters
obtained from each functional to construct the supercell, and
then optimize all atomic coordinates. Structure optimization
and self-consistent calculations with supercells are performed
using a single special k point (1/4,1/4,1/4). Spin polarization
is taken into account in all of the calculations. We include
the nonspherical contributions related to the gradient of the
density within the PAW spheres. We verified that our conclu-
sions remain unchanged if we use a I'-centered (2x2 x 2)
k-point grid for the structural relaxations and total energy
calculations. The band edge energies were determined using
symmetric surface-slab calculations with nonpolar surface ter-
minations. Slabs that are at least 15 A in length are used

to ensure they represent the bulk limit, and we use 15 A of
vacuum along the c axis.

APPENDIX B: CALCULATING BAND ALIGNMENTS

Bulk calculations of the band structure of each material
using the SCAN and HSE functional leads to the VBM and
conduction band minimum (CBM) energies that are calculated
with respect to the average electrostatic potential, V,,. The
calculated band structures using the SCAN and HSE func-
tionals for each of the materials is illustrated in Fig. 4. Slab
calculations using nonpolar surfaces are used to determine the
value of V,, with respect to the vacuum level by using a slab
that is large enough so as to represent the bulk limit. For GaN
and ZnO we use (110) slabs, for Ga,03 we use a (010) slab
and for NaF we use a (100) slab. In Fig. 4(f) we illustrate
the planar average of the electrostatic potential for the ZnO
slab calculation. Performing a macroscopic average of this
potential allows us to identify the value of V,, with respect
to the vacuum level [see blue horizontal line in Fig. 4(f)]. This
combination of bulk and slab calculations is then combined
to obtain the energy of the VBM and CBM with respect to
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the vacuum level. Since we have the value of V,, referenced
to the vacuum level from our slab calculations this allows us
to determine the natural band alignments where the VBM and
CBM energies of each material referenced to the vacuum level
as illustrated in Fig. 1 of the main text.

APPENDIX C: CALCULATION OF DEFECT FORMATION
ENERGIES AND THERMODYNAMIC TRANSITION
LEVELS

Obtaining the properties of the defects and small polarons
reported in the main text requires calculations of the formation
energy. For the different defects we investigate the formation
energy of a defect in a charge state g using the standard
supercell approach as described in Ref. [1]. For example the
formation energy of Cag, in GaN is defined as:

= Eiot (Ca((];a) — Eiot(GaN) + pga — pca
+ q(Ep + &) + A9, (C1)

E(Cag,)

in which Ey(Cag,,) is the total energy of a supercell contain-
ing Ca, in charge state ¢, and E(GaN) is the total energy
of the same supercell without a defect. An electron added or
removed from the supercell is exchanged with the Fermi level
(Er) of GaN which is referenced to the VBM (g,).

The thermodynamic transition levels of the different de-
fects corresponds to the Fermi energy where the formation
energy between two different charge states is equal. For ex-
ample the (0/—) thermodynamic transition level of Cag, in
GaN with respect to the GaN VBM is defined as

(0/—) = E/(Cag,; Er =0) — E/ (Cag,; Er = 0). (C2)
The thermodynamic transition levels obtained with SCAN

and HSE for the defects illustrated in Fig. 2 of the main text
are illustrated in Fig. 5.
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FIG. 5. Thermodynamic transition levels for Vz, in ZnO, Vg in
Zn0, Vz, in ZnSe, Cag, in GaN, Cy in GaN and Mg, in Ga,0;

obtained using the SCAN and HSE functional.

Vz,in ZnO Voin ZnO

202 46 8 6 -4 2 0 2 -4 -
z (A) z(A) z(A)

Vznin ZnSe

¥?
w2
W2

Cag, in GaN Cyin GaN Mgga in Ga;03 Hole polaron in NaF
b e
f I “ | \\ ‘\ Y(“ H{ ﬂ
L | \ ‘ “ M\ “\u
5 S Y ‘ﬂh‘ ‘ 5 } \ H M{ \Y H
RV hl
A WAV Vi RAVPV:Y “”‘ “ ! U‘
2 0 2 4 6 -4 -2 0 2 2 02 46 810 4
z(A) z (A) z (A) z (A)

FIG. 6. A 1D profile of this density along the z-axis plotted with
respect to the defect position at z = 0 A obtained using the SCAN
functional for each of the defect configurations in Fig. 2 of the main
text. Calculations using a single (1/4,1/4,1/4) k point are illustrated
in green and results with a (2 x 2 x 2) k-point grid are illustrated in
black.

APPENDIX D: CONVERGENCE WITH RESPECT
TO k-POINT GRID

It is important to consider whether the results we present in
the main text are affected by spurious effects due to the finite
size supercells in our calculations. First we consider the effect
of k-point grid density that we use to optimize the supercell
configurations and determine the charge density of the defects
states. The results in the main text use a single (1/4,1/4,1/4)
k point. Using the SCAN functional, in Fig. 6, we compare
the planar average of the charge density of the defect states
calculated with a (2 x 2 x 2) k-point grid with the results in
the main text. The localization of the charge density using a
(2 x 2 x 2) k-point grid and a single (1/4,1/4,1/4) k point
are identical.

The atomic structure of the defects when optimizing with
a single (1/4,1/4,1/4) k point versus the (2 x 2 x 2) k-point
grid are also identical for this defect. These tests demonstrate
the results in the main text are converged with respect to the
k-point grid. We expect the same conclusions to apply to the
HSE results reported in the main text.

APPENDIX E: IMPACT OF FRACTION OF
EXACT-EXCHANGE IN HYBRID FUNCTIONAL
CALCULATIONS

The fraction of exact-exchange that we employ in our
HSE hybrid functional calculations is chosen to match the
experimental band gaps for each of the materials. Using 25%
exact exchange which was parametrized for the HSE06 hybrid
functional leads to underestimated band gaps for each of the
materials that we investigate. This quantitatively affects the
ionization energies that we calculate. A pertinent question is
whether using the default 25% mixing also affects the main
focus of our study, which is the ability to describe charge
localization, asymmetric structural distortions and large struc-
tural relaxation across each of the defects that we investigate
here.

To verify this point, we optimized the atomic coordinates
of all the defect/small polaron configurations using the default
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FIG. 7. A 1D profile of this density along the z axis plotted with
respect to the defect position at z = 0 A obtained using the HSE
hybrid functional. Results from the main text that use an optimally
tuned fraction of exact exchange to match the experimental band
gap are illustrated with blue solid lines while results with the default
HSEQ6 parameters (25% of exact exchange) are illustrated with the
open circles.

HSEQ6 parameters (i.e., 25% of exact exchange). In Fig. 7 we
illustrate the planar average of charge density of the defect
states from each of these calculations. For each defect, we also
compare against the results from the main text that rely on an
optimally tuned fraction of exact exchange chosen to match
the material’s experimental band gap.

The results in Fig. 7 clearly show that for the defects
in ZnO, ZnSe, GaN, and Ga;0s3, the degree of charge lo-
calization does not change for these defects if we use the
HSEQ6 parameters versus the mixing parameters that we list
in Appendix A. For NaF, we find the 25% of exact exchange
with HSEQ6 is insufficient to lead to localization of the small
polaron in agreement with the conclusions of a prior study
on the use of hybrid functionals to investigate small polarons
[45].

FIG. 8. A 1D profile of this density along the z axis plotted with
respect to the defect position at z = 0 A obtained using the SCAN and
r?SCAN functional. Results from the main text that use the SCAN
functional are illustrated with green solid lines while results with the
r?SCAN functional are illustrated with black open circles.

APPENDIX F: SCAN VERSUS r*SCAN

One of the improvements to the SCAN functional has
been the introduction of the regularized SCAN functional
(r>SCAN) which improves upon the numerical performance
of the SCAN functional. We find SCAN and r>SCAN yield
identical results as far as charge localization for the different
defects and small polaron configurations that we consider. We
optimized the atomic coordinates for all of the defects/small
polaron configurations using r>2SCAN and determine the pla-
nar average of charge density of the defect states from each of
these calculations. In Fig. 8 we illustrate these results along-
side the density obtained using SCAN. Based on this it is clear
our conclusions remain unchanged if the >’SCAN functional
is used. We also verified the band gaps are nominally the
same between SCAN and r>SCAN in agreement with prior
studies that investigated the differences in electronic structure
between the two approaches.
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