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T
echnological advancements in GaN
nanowires (NWs) have made them
promising candidates for applications

in light-emitting diodes (LEDs), laser diodes
(LDs), transistors, and solar cells.1�4 In com-
parison with GaN bulk, the NWs are believed
to overcomemany limitations such as lattice
mismatchwith substrate, adsorbate, and dis-
location.5,6 In fact, NW geometry inhibits
the propagation of dislocations along its axis,
and the free surface permits an efficient
elastic relaxation of atoms.7 Hence, NWstruc-
ture has been the subject of extensive inter-
est during the past decades. Although the
electronic structure and optical properties
ofGaNNWshavebeen investigated in recent
years, some unresolved challenges still exist.
The most notable controversies are the
origins of the optical transition at 3.45 eV
and thedefect-induced yellow luminescence
(YL) band centered at 2.2 eV in GaN NWs,8,9

whichhavebeendebated formanyyearsbut
remain unclear at present.

Generally, the emission line at 3.45 eV is
easily observed in GaN NWs with diameters
less than 100 nm.10 It was first observed and
recognized as the interstitial Ga inside the
NWs.8 On the basis of time-resolved photo-
luminescence (PL) experiments,Corfdiretal.11

ascribed this emission to two-electron satel-
lite (TES) caused by the donors located near
the NW surface and refuted the attribution of
excitons bound to inversion domain bound-
ary suggested by Robins and co-workers.12

Considering that GaN NWs are usually grown
under the N-rich condition and reduction of
3.45 eV emission intensity can be observed
if increasing III/V ratio or doping with Mg,
Furtmayr et al.13 attributed this line to the sur-
face Ga vacancy (VGa). Lefebvre et al.

14 found
that the strength of this emission becomes
larger for low-density and small diameterGaN
NWs. They thus believe that the NW surface
effect is the origin of the 3.45 eV line. Brandt
et al. also suggested that this emission line
originates from surface point defects.15 Most
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ABSTRACT The physical origin of the strong emission line at 3.45 eV

and broadening yellow luminescence (YL) band centered at 2.2 eV in GaN

nanowire (NW) has been debated for many years. Here, we solve these two

notable issues by using state-of-the-art first-principles calculations based

on many-body perturbation theory combined with polarization-resolved

experiments. We demonstrate that the ubiquitous surface “microwires”

with amazing characteristics, i.e., the outgrowth nanocrystal along the NW

side wall, are vital and offer a new perspective to provide insight into some

puzzles in epitaxy materials. Furthermore, inversion of the top valence

bands, in the decreasing order of crystal-field split-off hole (CH) and heavy/light hole, results in the optical transition polarized along the NW axis due to

quantum confinement. The optical emission from bound excitons localized around the surface microwire to CH band is responsible for the 3.45 eV line with

E )c polarization. Both gallium vacancy and carbon-related defects tend to assemble at the NW surface layer, determining the broadening YL band.
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recently, Sam-Giao et al. fabricated GaN NWs with
plasma-assisted molecular beam epitaxy (PA-MBE)
and conducted a detailed study of the 3.45 eV emission
line by polarization-resolved luminescence andmagneto-
luminescence experiments. Their results directly refuted
Corfdir's claim of TES.10 The above statements clearly
indicate that the origin of this emission line has become
a fierce controversy during the past 15 years but is
still poorly understood. Hence, an in-depth research is
needed to clarify this key issue.
Recently, Li and Wang16 observed a high-brightness

YL band at 566 nm in triangle GaN NWs. Xu et al.9 also
found a strong broadening YL emission in hexagonal
polar GaN NWs, whereas it disappears in triangular
nonpolar GaN NWs. Generally, the YL in GaN is con-
sidered as a deep-level transition. Unfortunately, the
YL induced by deep acceptors remains controversial.
Li andWaag suggested that the VGa�ONdefect complex
could enhance the YL emission as a deep acceptor.17

The carbon-related defect CN or its defect complexwere
also regarded as the origin of the YL.18,19 Moreover, the
VGa, VGa�CGa, and SiGa were supposed as the main
contributors to YL.16,20�22 Most recently, Demchenko
et al. ascribed the YL to CN�ON defect complex in GaN
based on density functional theory (DFT) calculations.23

Xu et al. suggested the carbon-related defects may play
a key role in the YL emission in GaN NWs.9 Hence, a
persuasive theoretical explanation for the broadening
YL band in GaN NWs is still lacking.
In this paper, we find that optical transition from

bound excitons localized around the surface outgrowth
“microwire” to crystal-field split-off hole (CH) band is the
essence of the observed 3.45 eV emission line with E )c
polarization. The light emissions between exciton and
charged defects (gallium vacancy and carbon-related
defects) assembled at the NW surface layer determine
the broadening YL band. We thus clarify the physical
origin of the 3.45 eV emission line (YL band) related to
surface microwires (defects).

RESULTS AND DISCUSSION

The surfacemorphology of self-assembled GaNNWs
with diameters fromhundreds of nanometers to several
micrometers is usually irregular. Ideally, themorphology
of GaN NWs orientated along the [0001] direction
reveals hexagons with six vertical sidewall facets. Never-
theless, the local growth environment for every NW
cannot remain exactly the same, which naturally results
in slight differences of growth rate for each facet.
Those facets with faster growth rate will force the edge
outward, leading to the morphology evolution of GaN
NWs from hexagon to triangle or quadrangle. Figure 1a
clearly shows that themorphologies of the NWs change
from hexagon to triangle or quadrangle, resulting in the
formation of the surface outgrowth nanocrystal termed
surface microwire in order to distinguish it from the
inner bulk-like structure. In comparison with the inner

GaNNWs, the surfaceGaNmicrowire is directly exposed
to vacuum, leading to its electronic characteristics com-
pletely different from the inner bulk-like GaN. As a
matter of fact, the quantum confinement is extremely
significant in these surface microwires owing to their
nanoscale size.
Figure 1b indicates the typical PL spectrum of these

GaN NWs with the strong emission line at 3.45 eV and
the broadening YL band centered at 2.2 eV. Generally,
the GaN NWs fabricated by metal�organic chemical
vapor deposition (MOCVD) with the size from hun-
dreds of nanometers to several micrometers usually
have both of these emissions. The disappearance of YL
occurs mostly in high-quality GaN NWs, especially for
those with diameter within several tens of nanometers.
It seems that the YL is dependent on the NW size and
becomes weaker with the decreasing NW diameter.
Nevertheless, the real physical reason is that the YL,

Figure 1. Scanning electron microscopy (SEM) images of
GaN NWs grown by the self-assembled process on sapphire
substrates (a) and the typical PL spectrum (b). The surface
outgrowth nanocrystal along GaN NW side wall, termed
surface “microwire”, can be observed. The inset of panel b
shows the strong polarized light emissionwith E )c at 3.45 eV
in GaN NWs.10
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closely related to the surface gallium vacancy and
carbon impurities in GaN NWs (see Figure 6 and its
discussion), has a stronger intensity in thick NWs than
in thin NWs.9,16,24 The large surface area in thick NWs
provides a region for the defects to gather and permits
an efficient elastic relaxation of atoms for stress release.
Therefore, defects are inclined to assemble at the
NW surface layer, leading to a defect concentration
higher than that in the interior. As for those thin
GaN NWs, significant lattice distortion will be caused
by the defects, resulting in a large formation energy
and instability of the whole structure. Hence, these
less defect-involved GaN NWs with small diameter are
either weak in YL or YL-free.
On the basis of our experimental conditions, we

know that the gallium vacancy defects and carbon
impurities should be major contributors for the PL of
GaN NWs (see the following analyses for details).
Meanwhile, one-dimensional (1D) quantum confine-
ment will also play a key role in the optical transitions.
Hence, our following discussion is focused on the
influence of 1D quantum confinement and defects
on the electronic structures and optical properties
of GaN NWs, revealing the light emission mechanism
at the microlevel.
Figure 2 shows our band gaps for the hexagonal GaN

NWs with diameters from 1 nm to infinity, calculated
using precise DFT-1/2, GW, and Heyd�Scuseria�
Ernzerhof (HSE) methods to overcome the band gap
underestimation in the conventional DFT.25�29 We can
see from Figure 2 that our calculated band gap of GaN
bulk is in excellent agreementwith the previous experi-
mental and theoretical values.30�32 The gaps deter-
mined by DFT-1/2, GW, and HSE are 3.52, 3.50, and
3.41 eV, which are larger than the GGA result (1.99 eV).
Our GW calculations predict band gap of 4.85 eV in
hexagonal GaN NW (1 nm), which is slightly larger than
the HSE result (4.66 eV).33 Compared with GaN bulk,
1D quantum confinement dramatically increases elec-
tronic band gap∼1.4 eV for the NW (1 nm). Our calcu-
lations further show that the exciton binding energy
decreases remarkably with increasing NW diameter.
The calculated imaginary part of the dielectric func-

tions, closely related to the optical absorption, is shown
in Figure 3 for the hexagonal GaN NWs. The optical
absorption occurs at 3.34 eV within the UV-A region.
The exciton binding energy, given by the difference
between the electronic and optical band gaps, is found
to be 1.51 eV in GaNNW,which ismuch larger than that
in GaN bulk (23meV).34 This is because of the strong 1D
quantum confinement and incomplete dielectric
screening in small diameter GaN NWs.
To understand the characteristics of polarized ab-

sorption around 3.45 eV in depth, we performed
polarization-resolved luminescence experiments by
focusing the laser on the NW side wall (see Figure 4a).
We can find from Figure 4 that the light emission around

3.45 eV (360 nm) exhibits a red-shift of 19 nm (0.18 eV)
with stronger intensity from E^c to E )c. Our correspond-
ing calculations for the exciton polarized absorption
reveal the red-shift of 0.2 eV, which is in good agreement
with our PL data.
The detailed calculations for the electronic struc-

tures and optical transitions in GaN NWs are shown in
Figure 5. The domination of nitrogen pz state at valence
bandmaximum (VBM) shown in Figure 5a suggests the
higher excitation possibility of electrons distributed
along the c-axis, which directly determines the polar-
ization of light emission and absorption at Γ point in
GaN NWs. An inversion of top valence bands in the
decreasing order of the crystal-field split-off hole (CH)
and heavy/light hole (HH/LH) bands can be induced
with decreasing NW diameter. The energy difference
between the inverted bands changes from 180 to
�27 meV with the NW diameter from 1 nm to infinity
(see Figure 5b), which is consistent with previous
results for small diameter GaN NWs.35 It is the band
reordering that affects the selection rules of optical
transitions and makes the polarization of emitted
photons switch from E^c in GaN bulk to E )c in thin

Figure 2. Band gap and exciton energy of hexagonal GaN
NWs as a function of the NW diameter.

Figure 3. Calculated imaginary part of the dielectric func-
tion ε2 for the hexagonal GaN NW with and without the
electron�hole (e�h) interaction.
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GaN NWs (<6.5 nm), resulting in optical emission
polarized along the NW axis. The partial density of
states (DOS) and distribution of electron wave func-
tions shown in Figure 5a,c provide the most direct
evidence for the valence band inversion.We thus know
that the 1D quantum confinement significantly modi-
fies the electronic structures and dominates the optical
transitions in thin GaN NWs.
GaN NWs fabricated by self-assembled growth with

MBE or MOVPE usually have diameters from several
tens to hundreds of nanometers,10,15,24 which indicates
the aforementioned valence band inversion can not be
observed in these large diameter NWs. Nevertheless,
the 3.45 eV transition observed in these NWs has a
different dipole orientation with respect to the DX(A)
line (3.47 eV) and presents a polarization degree along
the c-axis.10 This clearly indicates that some typical

surface microstructures should exist in these GaN
NWs. On the basis of the observed surface micro-
wire in Figure 1a and the valence band inversion
(see Figure 5b), we suggest the 3.45 eV emission should
originate from the transition between the bound
excitons localized around the surface microwire and
CH band. In fact, the surface electron wave functions,
which are responsible for the polarization properties
of the optical transitions, are essentially altered from
c-plane to c-axis (see Figure 5c) owing to the formation
of the surface microwire. This directly leads to the
enhancement of parallel polarization (E )c) at the NW
side wall. Our polarization-resolved experiments and
calculations in Figure 4b,c also prove that the emission
around 3.45 eV favors coupling to the optical polarized
modes with the increasing degree from E^c to E )c.
We now discuss the previous notable hypothesis

of the surface Ga vacancy for the 3.45 eV emission in
GaN NWs under the N-rich condition.13 It should be
noted that this emission is detected only in part of GaN
NWs with small diameter. It is impossible that the Ga
vacancy exists only in these GaN NWs and none in the
others. Moreover, this emission should follow the same
polarization selection rules with the DX(A) line if it is
caused by the surface Ga vacancy.10 In other words, the
isolated Ga vacancy can not result in the valence band
inversion. Hence, we can confirm the 3.45 eV emission
originates from the surface microwire along the GaN
NW side wall (see Figure 5d) rather than the surface
Ga vacancy. This is the essential origin of this emission
line and the reason why NW geometry favors coupling
to the electromagnetic modes polarized along the
NW axis. We thus offer an in-depth explanation for this
notable issue.
In fact, the aforementioned surfacemicrowire ormicro-

structure widely exists in epitaxially grown samples,
which can significantly alter their electronic structures
and characteristics. For instance, previous epitaxial
InN films usually exhibit surface irregularity with many
surface needle- or wire-like nanocrystals.36�38 Our cal-
culations show strong exciton absorption at 2.3 eV in
InN NWs, approximately. We thus believe that the well-
knownband gap controversy of InN from 0.6 to 2.3 eV39

is probably caused by quantum confinement of these
surface microwire structures.
Let us now discuss the origin of the broadening

YL band centered at 2.2 eV. The PL spectra fromGa-rich
to N-rich conditions are shown in Figure 6a, by which
an obvious YL enhancement can be found under
the N-rich condition. The strong broadening emission
band indicates Ga vacancy should be one major con-
tributor to YL owing to its easy formation under the
N-rich condition.40 In fact, direct evidence for the corre-
lation between Ga vacancy and YL in GaN has emerged
from positron annihilation measurements by Saarinen
and co-workers.41 They observed an enhancement
of the YL due to the increasing concentration of Ga

Figure 4. Schematic representation of polarization with dif-
ferent collection angle to NWaxis (a), the polarized PL (b), and
the calculated polarized exciton absorption (c) in GaN NWs.
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vacancies from 1017 to 1018 cm�3. Li and Wang16 also
suggested the surface Ga vacancies as the origin of
the YL band in GaN NWs. In addition to Ga vacancy,
the carbon-related defects are also the most likely to
be introduced because of trimethylgallium adopted
during the self-assembled growth. There has been
strong evidence that the carbon-related defects CN
and CN�ON can exist stably in GaN with formation
energy lower than that of the others, such as CGa.

23

As stated above, we believe there is a close similarity
of the existing defects between GaN bulk and NWs.

The only difference is the environment from the NW
interior to surface. Our calculated formation energy (see
Figure 6c) reveals that the CN defects tend to gather
around the NW side wall. A similar result also holds for
vacancies.42 If these defects exist in the interior of the
NW, theywill need extra energy to breakdown the inner
perfect crystal structure and the whole system requires
a large lattice relaxation. The above conclusion has
been supported by previous experiments.16 It has
been known that VGa, CN, and CN�ON can exist stably
with definite charge states in GaN as acceptors.21,23,43

Figure 5. Partial density of states for GaN NWs (a). Energy of the valence band inversion ΔE from CH to HH/LH bands
(b). Isosurface charge density distributions (F = 0.03eÅ�3) at the top of the three valence bands (c). Schematic representation
of the surface microwire in the self-assembled GaN NWs and the corresponding optical transition mechanism from thin
to thick GaNNWs (d). On the basis of previouswork15 and our calculations, we show the exciton energy levels of donor bound
(DX), surface donor bound (SDX), and free (FX) excitons and the corresponding optical transitions of A, B, and C excitons
(AX, BX, and CX). The subscript M and B indicate microwire and bulk-like, respectively.

Figure 6. PL of GaNNWsunder different growth conditions fromN-rich toGa-rich (a). Broadening YLbanddetermined byVGa,
CN and CN�ON defects (b). Formation energy of CN defect in trianglar and hexagonal GaNNWs (c). The configuration diagrams
illustrate the different absorptions and emissions in GaN NWs for CN (d), CN�ON (e), and VGa (f) defects.
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Similarly, these charged defects are easily formed
at the NW surface layer because of their lower for-
mation energy. The optical transitions related to
these defects are presented in Figure 6d�f, in which
the strong excitonic effect in 1D NWs has been taken
into account. The calculated ionization energies (0.51,
0.44, and 0.37 eV) of VGa, CN, and CN�ON defects at
the NW side wall are significantly lower than their
corresponding values for the inner bulk-like defects
(1.1, 0.9, and 0.76 eV),21,23,43 which is consistent with
the tight binding results.44 As a result of the optical
excitation producing electron�hole (e�h) pairs, the
enhanced e�h interaction can form strongly bound
excitons along the NW axis. Loosing the excess energy
through the fast lattice-relaxation, the defects return
to their initial states accompanied by photon emission.
Our calculations indicate that the optical transition
energies for VGa, CN, and CN�ON are in the YL region
(see Figure 6d�f). The different distributions of these
defects at the NW surface layer cause an energy shift
from 2.06 to 2.29 eV, resulting in a Gaussian smearing of
the YL band (see Figure 6b).
We can thus confirm from the above analyses that the

broadening YL band in GaN NWs is caused by gallium
vacancies and carbon impurities distributed at the
surface layer of GaN NWs. The physical reasons can
be summarized as follows. (i) The YL band can not be
caused by a single defect because of its largebandwidth
from 525 to 625 nm. (ii) It is known that the intrinsic
vacancy defects are inevitable in epitaxial materials, and
GaN NWs are no exception. Meanwhile, the carbon
impurities should be introduced because of trimethyl-
gallium adopted during the self-assembled growth
of GaN NWs. In particular, these defects are inclined
to assemble at the NW surface owing to their lower
formation energy and less lattice distortion, which is
why the surface layer exhibits strong YL in ref 16. (iii)
From Ga-rich to N-rich conditions, the YL of GaN NWs
becomes more and more significant, which manifests
that the increasing concentration of gallium vacancy
is beneficial toYLowing to its easier formationunder the
N-rich conditions. (iv) Comparedwith the self-assembled
GaN NWs fabricated by MOCVD with trimethylgallium,
our high-quality MBE-grown GaN NWs with metal
gallium are YL-free (Supporting Information Figure 1).
Moreover, our energy dispersive spectrometry (EDS)
measurements clearly indicate the absence of carbon
impurities in MBE-grown GaN NWs. The strong YL is
thus closely related to the carbon defects. (v) Our calcu-
lated optical transition energies of gallium vacancy and

carbon impurities distributed at theGaNNWsurface layer
almost cover the full range of the broadening YL band,
which confirms the domination of these defects in YL.
It is worth noting that, as we mentioned above,

the nature of the broadening YL band is due to the
existence of the gallium vacancy and carbon impurities
at the surface layer of GaN NWs. These defects tend
to migrate to the NW surface owing to the demand
of stress release, which is necessary to guarantee the
stability of the whole structure with the lowest energy
and independent of the NW shapes. Our theoretical
explanation for the broadening YL band is thus uni-
versal and suitable for the GaN NWs with any shape.

CONCLUSIONS

On the basis of the advanced first-principles cal-
culations with many-body perturbation theory and
polarization-resolved experiments, we resolve two long-
debated issues in GaN NWs. We prove that the surface
microwire or microstructure with amazing characteris-
tics, widely existing in epitaxially grown samples, is
profound and provides new insights into some con-
troversial puzzles. We find that 1D quantum confine-
ment in small diameter GaNNWs significantly increases
the band gap to 4.85 eV and leads to a large exciton
binding energy (∼1.51 eV). The inversion of the top
valence bands in the decreasing order of the CH and
HH/LH bands becomes more andmore significant with
the decreasing NW diameter, which directly leads to
the emitted photons polarized along the NW axis. The
optical transition frombound excitons localized around
the surface microwire to CH band is the essence of the
observed 3.45 eV emission line with E )c polarization,
which is different from theDX(A) line (3.47 eV) with E^c
polarization. The puzzle debated for 15 years is thus
completely revealed. As acceptors, VGa, CN, and CN�ON

tend to assemble at the NW side wall. Moreover, the
optical transition energies related to these defects are
in the YL region. The different distributions of these
defects at the NW surface layer result in a Gaussian
smearing of the YL band, which is in excellent agree-
ment with our PL data. We thus clarify the physical
origin of the 3.45 eV emission line (YL band) related to
surface microwire (defects) in GaN NWs, which is quite
useful for understanding the luminescencemechanism
and improving the optical performance of GaN NW-
based optoelectronic nanodevices. We believe our
proposed surface microwire or microstructure is critical
to resolving previous intense debates, such as the
unresolved puzzle of the InN gap.

MATERIALS AND METHODS

Synthesis of GaN Nanowires. Self-assembled growth of catalyst-
free GaN nanowires is carried out at high pressure in a com-
mercial 3 � 2 in. MOVPE close-coupled showerhead reactor
(CS12014) on c-plane sapphire substrates. Trimethylgallium

(TMG), ammonia (NH3), and silane (100 ppm diluted in H2) are
the precursors for Ga, N, and Si, respectively. First, the substrate
is baked in situ under H2 atmosphere at 1040 �C for 20 min and
nitridated using NH3 with a 2000 sccm flow for 120 s to form a
thin surface layer of AlN. The SiNx deposition is performed by
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injecting simultaneously SiH4 (45 sccm) and NH3 (4000 sccm)
into the reactor at a pressure of 75 Torr. Second, a short GaN
nucleation is performed on SiNx by injecting TMG (65 sccm) and
NH3 (200 sccm) simultaneously into the reactor chamber under
N2/H2 (1:1) carrier gas flow (2000 sccm) at 1000 �C. Finally, the
system is directly switched to the wire growth process keeping
the temperature at 1040 �C, NH3 (200 sccm) and TMG (65 sccm)
flows in N2/H2 carrier gas mixture (1:1) at a pressure of 200 Torr,
and under additional injection of silane (45 sccm).

DFT and GW Calculations. The theoretical calculations are based
on density functional theory (DFT) performed by using the VASP
code.45 During our DFT calculations, enough k-point sampling
(1 � 1 � 6) is used for the structure relaxation. The generalized
gradient approximation (GGA)withPerdew, Burke, and Ernzerhof
(PBE) functional is adopted.46 The Ga (4s24p13d10), N (2s22p3),
and H (1s1) are considered as valence electrons. Energy cutoff
is set to 500 eV, and structural optimization is carried out until
the maximum energy difference and residual forces converge
to 10�5 eV and 0.01 eV/Å. In our DFT-1/2 scheme,26,27 the half
ionization is applied to the p-orbital of N atom. Both CUT and
n parameters are tested by means of a comparison with experi-
mental band gap of GaN. We adopt n = 8 and CUT = 2.75 for N
atom to calculate the band gaps of GaN bulk and NWs. The GW
correction and Bethe�Salpeter equation calculations are carried
out in BerkeleyGW package.47 For the quasiparticle calculations
performed with the BerkeleyGW code, the ground-state Kohn�
Shamwave functions and eigenvalues are obtained using a local
density approximation (LDA) exchange-correlation functionalwith
Troullier�Martins norm-conserving pseudopotentials,48,49 as im-
plemented inQuantumEspresso code.50 A kinetic energy cutoff of
150 Ry is used for the wave function. To eliminate the interaction
between periodic images of NWs in adjacent supercells, the lateral
dimensions are chosen to be 30 Å. During the GW calculations, we
choose 1� 1� 8 k-pointmesh,which yields quasiparticle energies
converged within (0.1 eV. To perform the Bethe�Salpeter
equationcalculations,we interpolate theelectron�hole interaction
kernel on a 1 � 1 � 24 k-point mesh. This choice of parameters
yields well-converged exciton eigenenergies and sufficient
accuracy in our GaN NW calculations.

Defect Formation Energy. The defect formation energy is simply
the reaction energy to create a defect from ideal structure, which
depends on the growth or annealing conditions. The defect
formation energy, Ef, of defect R in the charge state q can be
calculated as follows:

Ef (R, q) ¼ ENW(R, q) � ENW(perfect) � ∑
i

niμi þ qEV þ qEF

where ENW(R,q) is the total energy of a GaN NW containing a
defect (VGa, CN, or CN�ON) in charge state q; ENW(perfect) is the
total energy of the NWwithout defects; ni is the atom number of
the ith constituent, which has been added to (ni > 0) or removed
from (ni<0) the perfect NW; andμi is the corresponding chemical
potential.EF is the Fermi level referenced to theVBMEV of theNW.

Optical Transition Energy. The optical transition related to the
charged defect can be calculated by using the following formula:

EPL ¼ Eexec � Ere1 � Ere2

where Eexec is the external excitation energy, which can be
determined by the energy difference between the exciton
energy and the defect level,51 and Ere1 and Ere2 are structure
relaxation energies at the initial and final defect states with
different charges.
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