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Micro-light-emitting diodes (µLEDs) based on GaN are a key component for next-generation displays,
but serious surface e-h recombination deteriorates the device efficiency. To gain microscopic insights into
the surface recombination, we use hybrid functional first-principles calculations to investigate Ga (VGa)
and N (VN) vacancies on the GaN m plane that can be created considerably during the production of
one-dimensional GaN structures. We find that the surface VGa is not critical for nonradiative Shockley-
Read-Hall (SRH) recombination in light of the large formation energy (>2 eV) and its shallow levels. In
contrast, the surface VN exhibits a low formation energy (<2 eV) and develops a deep defect state near
the midgap, indicating the possibility of becoming useful SRH recombination centers. By constructing
configuration-coordinate diagrams, we demonstrate that the energy barriers for electron and hole capture
on the surface VN are small enough to cause significant capture coefficients due to strong electron-phonon
coupling.
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I. INTRODUCTION

Over the last few decades, liquid-crystal displays
(LCDs) and organic light-emitting diodes (OLEDs) have
been the mainstream display technologies. These two tech-
nologies have their own advantages: LCDs have low cost,
high durability, and high power efficiency [1] and OLEDs
have self-emission and high contrast [2–4]. However, with
the recent advances in mobile devices such as smart-
phones, laptops, and tablets as well as televisions (TVs),
the demand for high-performance displays with specs that
are not easily met by using LCDs and OLEDs has grown
rapidly. For instance, LCDs are not suitable for develop-
ing self-emitting displays with large areas, fast responses,
and high contrast [5], while OLED-based displays often
suffer from various degradation issues related to material
instability [6]. In addition, for augmented reality (AR) and
virtual reality (VR) effects that are emerging in the dis-
play technology of our present hyperconnected society, an
ultrahigh density of more than 3000 pixels per inch (PPI)
is needed to eliminate the screen-door effect [5]. How-
ever, it is challenging to achieve such high pixel densities
using the present LCD and OLED technologies because
of several limitations in production processes, e.g., a lack
of relevant back-plane processes for the former and an
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absence of precise deposition techniques that can prevent
the degradation of devices and materials for the latter [7,8].

Owing to their high efficiency and versatility, light-
emitting diodes (LEDs) based on GaN and its alloys have
been used extensively for solid-state lighting over the
last three decades [9–14]. Recently, micro-sized LEDs
(µLEDs) have garnered a great deal of attention as promis-
ing technologies for next-generation display applications
because µLEDs can have the advantages of low power
consumption, self-emission, and high contrast [15–18].
Furthermore, the micrometer dimension of µLED enables
pixel densities over a few thousand PPI that are large
enough to create AR and VR displays [18–21]. Of note,
displays based on µLEDs are more sustainable than those
based on OLEDs because of their superior material sta-
bility [16,22]. On the other hand, µLEDs can also be
assembled on a flexible substrate, allowing for wearable
display applications [23–25]. However, the full realization
of such potential uses of µLEDs still involves several chal-
lenges. Most critically, as illustrated by previous experi-
ments, downsizing LEDs below micron sizes causes a con-
siderable efficiency decrease [26,27]. Significant surface
recombination was suggested as an origin of the efficiency
drop due to the high surface-to-volume ratio of µLEDs
[28,29]. However, dominant recombination sources that
should be identified for optimizing fabrication processes
have not yet been clarified.
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GaN-based µLEDs are typically synthesized in one-
dimensional (1D) forms, such as wire, rod, and mesa
shapes, which are grown along the polar directions of a
wurtzite structure [Fig. 1(a)] because of their easy mass
production. The planar dimension of these 1D µLEDs
ranges from 0.1 × 0.1 to 100 × 100 µm2 [30,31]. There
are two approaches to obtain 1D µLED arrays for device
fabrication: bottom-up and top-down approaches. In the
bottom-up approach, 1D GaN is directly grown on a sub-
strate by using various deposition techniques, such as
chemical vapor deposition, metal organic vapor phase epi-
taxy, and hybrid vapor phase epitaxy [32,33]. For the
top-down approach, microscale GaN is first produced by
dry and/or wet etching of pregrown bulk GaN, and then it
is transferred to predefined areas by assembly techniques
[34]. Between the bottom-up and top-down approaches,
the latter allows for the easy and quick fabrication of
µLEDs on large wafer scales, and therefore, it is consid-
ered to be a suitable method for producing commercial
products. However, in the top-down method, the sidewall
of µLEDs, primarily corresponding to the nonpolar (11̄00)
m surface of GaN, would be severely damaged during etch-
ing processes, generating defective surfaces. According
to previous studies, nonstoichiometric Ga-rich or N-rich
surfaces were observed after etching processes depend-
ing on the process conditions [35–37]. Therefore, large
densities of Ga (VGa) or N (VN) vacancies are expected
to be present on the sidewall of µLEDs. Because these
defects may serve as Shockley-Read-Hall (SRH) recom-
bination centers, deteriorating the quantum efficiency of
µLEDs, it is highly desirable to study their impacts on
SRH recombination.

First-principles calculations based on density-functional
theory (DFT) have been successfully applied to investigate
point defects in semiconductors, elucidating the optical
and electrical characteristics and chemical stabilities of
the defects [38]. Previous DFT calculations demonstrated
that the VGa and VN in bulk GaN cannot be relevant SRH
sources because of large formation energies and multiple
trap levels (see below) [39–42]. In contrast to bulk defects,
surface defects have not been studied thoroughly to date.
Huang et al. recently reported DFT results on the VGa
on the sidewall of GaN nanowires, suggesting the side-
wall VGa as a recombination center responsible for yellow
luminescence [43]. Nayak et al. analyzed the energetics
of vacancies on the m plane, reporting the VN on the sur-
face as shallow donors [44]. However, the previous results
were obtained with generalized gradient approximation
(GGA) or local density approximation (LDA) function-
als that are not accurate enough to describe the defects
of semiconductors because of the band-gap underestima-
tion and charge-delocalization errors [45,46]. Thus, the
true nature of the vacancies on the m plane of GaN, espe-
cially their impacts on optoelectronic properties, remains
elusive.

The foregoing discussion lends urgency to the inves-
tigation of the impacts of sidewall VGa and VN on e-h
recombination in GaN µLEDs. To this end, we scruti-
nized the energetics and e-h capture characteristics of VGa
and VN on the m plane of GaN using hybrid functional
DFT calculations in this study. By analyzing the formation
energies of the surface vacancies, we discover that consid-
erable N vacancies can be present on the sidewall of GaN
µLEDs, while the concentration of Ga vacancies would be
marginal. In contrast to previous calculations, the surface
VN is not a shallow donor. Instead, it develops a deep defect
level near the midgap, showing the possibility of captur-
ing both electrons and holes efficiently. The investigation
of energetics for electron and hole capture on the surface
VN shows that the energy barriers for nonradiative electron
and hole capture are small enough to yield high capture
coefficients due to strong electron-phonon coupling. Thus,
the N vacancies on the sidewall of GaN µLEDs can work
as effective channels for SRH recombination.

II. COMPUTATIONAL DETAILS

Our first-principles calculations are conducted by using
the Vienna ab initio simulation package (VASP) with
projector-augmented wave (PAW) pseudopotentials [47].
The semicore Ga 3d states are treated as valence states. A
hybrid functional based on the Heyd-Scuseria-Ernzerhof
(HSE06) method is used for the exchange-correlation
energy [48]. We select a fraction of the Fock exchange
to be 0.29, which produces lattice parameters (a = 3.18 Å
and c = 5.16 Å) and a band gap (3.50 eV) of bulk GaN
consistent with experiments [49–51]. The cutoff energy
for the plane-wave basis is set to 500 eV. Throughout
this work, spin-polarized calculations are performed. The
GaN(11̄00) slab model [Fig. 1(a)] is adopted to simulate
the m plane. To avoid interactions between adjacent slabs
along the vertical direction due to periodicity, we insert a
vacuum with a thickness of 10 Å. The dangling bonds of
the bottom Ga and N atoms are passivated by H atoms with
a charge of 1.25e− for Ga and 0.75e− for N. The passiva-
tion of the bottom surface is necessary to avoid undesirable
interaction between the top and bottom surfaces, which
causes errors in calculation results. We did not correct
potential changes along the vertical direction that occur in
asymmetric slabs. However, we confirm that its correction
does not quantitatively affect the results in a meaningful
way. For defect calculations, we use 4 × 4 × 2 supercells
(128 atoms) for bulk and 3 × 2 supercells with the five
GaN bilayers (132 atoms) for the m surface. We confirm
that further increases in slab thickness have little effect on
defect properties. A bottom bilayer in the slab is fixed dur-
ing the atomic relaxation. For the k-point sampling, we use
a (0.25, 0.25, 0.25) special k point. The convergence cri-
terion for the atomic force is set to 0.05 eV/Å. The defect
formation energy (Ef ) of a vacancy in the charge state q
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(a) (b) (c)

FIG. 1. (a) One-dimensional GaN structure with sidewalls and the slab model for the m plane. (b) Band structure of the slab model
for the m plane and (c) charge-density distributions of dangling-bond states at k = (0.25, 0.25, 0.25) (isovalue = 0.012 e/Å

3
).

(V q
i where i = Ga or N) [52] is calculated by

Ef (V q
i ) = E(V q

i ) − E(perfect) + μi + qEF + �q, (1)

where E(V q
i ) and E(perfect) are the total energy of defec-

tive and perfect supercells, respectively. μi is the chemical
potential of Ga or N with respect to that of a stable phase
of the corresponding element. We account for μGa = 0
and μN = �Hf (GaN) for Ga-rich conditions and μN =
0 and μGa = �Hf (GaN) for N-rich conditions, where
�Hf (GaN) is the heat of formation of GaN. EF is the
Fermi level, i.e., the electron chemical potential. Herein,
the reference of EF is set to the bulk VBM for both bulk
and surface defect calculations, which allows for a direct
comparison of the formation energies between bulk and
surface vacancies. We determine the EF of the slab with
respect to the bulk VBM by aligning the average electro-
static potentials between the clean slab and bulk models,
as shown in Fig. S2 within the Supplemental Material [53].
�q is the finite-size correction for charged defects that is
obtained using the methods developed by Freysoldt et al.
(see details about the finite-size correction in Sec. S1 of the
Supplemental Material [53]) [54–56].

III. RESULTS AND DISCUSSION

On the m surface, Ga and N atoms form Ga-N dimers
[Fig. 1(a)]. The surface Ga atoms shift slightly downward,
while the surface N atoms shift upward upon structural

relaxation. Each Ga and N atom on the surface has a sin-
gle dangling bond, and the electrons in the dangling bonds
on the Ga atoms are transferred into those on the N atoms.
As a result, the dangling bonds of the Ga (N) atoms gener-
ate an empty (occupied) surface state near the conduction-
(valence-) band edge, as illustrated in the band structure in
Fig. 1(b) and the charge-density distributions in Fig. 1(c).
The larger band gap of inner GaN in the slab model (see
Einner

g in the band structure) compared to that of the bulk
is attributed to the quantum confinement effect (Fig. S3
within the Supplemental Material [53]). With an increase
in the slab thickness, we can observe that the N and Ga
dangling bond states almost coincide with the bulk VBM
and conduction-band minimum (CBM), respectively.

The rate of SRH recombination on a given defect that
involves successive electron and hole captures strongly
depends on the position of the defect states. Technically,
these defect states correspond to charge transition levels
between two successive charge states ε(q/q′), which are
defined as the Fermi-level position at which a transition
of the relative stability between two different charge states
occurs. An electron (hole) tends to be captured by a defect
faster in a nonradiative manner when the defect level
approaches the conduction- (valence-) band edge, while
a hole- (electron-) capture process becomes slower. This
trend indicates that the defect with a level close to midgap
can be an effective SRH recombination center because it
can efficiently capture both electrons and holes. If a defect
has multiple defect levels, the defect is likely to be trapped
in a specific charge state associated with the transition level
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(a) (b)

FIG. 2. Formation energies of the Ga and N vacancies (a) on
the m plane and (b) in the bulk as a function of the Fermi level at
the Ga-rich and N-rich limits.

relatively close to the band extrema. As a result, multilevel
defects with defect levels near the band edges are unlikely
to be critical for SRH recombination [57].

Figure 2(a) shows the formation energies of VGa and
VN on the m surface, hereafter called VGa,surf and VN,surf,
respectively (the atomic configurations are provided in Fig.
S5 within the Supplemental Material [53]). For compar-
ative purposes, we also present the formation energies
of bulk VGa and VN, hereafter called VGa,bulk and VN,bulk,
respectively, in Fig. 2(b). We provide only the forma-
tion energy for the most stable charge state of a defect
while the Fermi level varies between the band gap, and
it is expressed as a slope of a formation energy curve.
The calculated vacancy formation energies for the bulk are
highly consistent with previous calculations. We find that
VGa,surf can be present in several different charge states as
VGa,bulk, developing ε(+/0) and ε(−/2−) near the valence
and conduction bands, respectively. As a result, the SRH
recombination on VGa,surf would not be efficient. More-
over, the formation energy of VGa,surf is still too large
for the concentration of VGa,surf to be significant enough
to have a critical effect on the SRH recombination when
(sub)micro-sized GaN is under thermal equilibrium.

The large formation energy also implies that most of the
excess Ga vacancies that can be created by etching pro-
cesses in top-down approaches to obtain a µLED array
are likely to be annihilated during postannealing or fab-
rication processes. Therefore, VGa,surf alone is not expected
to serve as a critical SRH recombination center. How-
ever, as VGa,bulk does, some excess Ga vacancies may be
retained by forming more stable defect complexes with
other impurities, such as carbon, oxygen, and/or hydro-
gen, and these defect complexes would undermine the
optoelectronic properties of GaN [58–60].

(a) (b)

FIG. 3. Band structures of V+
N (a) on the m plane and (b) in the

bulk. The occupied defect state is colored in red. The VBM and
surface state derived by the N dangling bonds are colored in blue.

Notably, VN,surf is found to behave differently from
VN,bulk in three respects. (The orbital characteristics of
single-particle states for VN,surf and VN,bulk can be found
in the Supplemental Material [53].) First, VN,surf develops
only a single transition level ε(+/0) inside the band gap,
while VN,bulk generates multiple transition levels. V2+

N,bulk is
relatively unstable, and the transition levels ε(3 + /2+)

and ε(2 + /+) near VBM+0.40 eV are not marked in
Fig. 2(a). The absence of ε(3 + /2+) and ε(2 + /+) in the
VN,surf between the band gap arises from the fact that the
occupied electronic states of V+

N,surf lie below the VBM, as
shown in Fig. 3(a). Therefore, it is energetically unfavor-
able for V2+

N,surf and V3+
N,surf to be formed by capturing more

holes. In contrast, the occupied defect levels of V+
N,bulk

for capturing holes are present above the VBM in bulk
[Fig. 3(b)].

Second, the ε(+/0) position of VN,surf (VBM+2.2 eV) is
deeper in energy than that of VN,bulk (VBM+3.1 eV). This
result can be attributed to the smaller N3− coordination of
surface Ga ions compared to that for bulk Ga ions; the sur-
face Ga sites have higher electrostatic potential so that the
overlap between empty 4s states of the neighboring Ga
ions of VN,surf can produce defect states with lower ener-
gies. This allows V 0

N,bulk to be stable over a wider range of
the Fermi level compared to V 0

N,bulk. Unlike VN,bulk, the sin-
gle, deep defect level of VN,surf close to the midgap region
may indicate that VN,surf plays a role as a SRH recombina-
tion center. This finding will be confirmed by construct-
ing the so-called configuration-coordinate diagram (CC
diagram) below.

Lastly, the formation energy of VN,surf is small, between
0 and 2 eV, depending on the growth conditions. There-
fore, the concentration of surface N vacancies is expected
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(a) (b) (c)

FIG. 4. Configuration-coordinate diagrams for electron and hole capture processes on (a) surface and (b) bulk VN. The lines are
second-order fit to the calculation data. (c) Atomic structure of surface and bulk VN in the neutral state, and square displacements of
neighboring Ga atoms around VN due to the transition of the charge state from q = 0 to 1+.

to be significant even if synthesized GaN is thermally equi-
librated. Interestingly, recent electron energy loss spec-
troscopy (EELS) measurements on GaN nanostructures
grown by molecular beam epitaxy showed strong subgap
absorption at 2.2 eV [44]. The absorption energy coin-
cides with the optical transition energy of 2.31 eV for
V0

N,surf −→ V1+
N,surf + e− (Fig. S7 within the Supplemental

Material [53]). This consistency would manifest an abun-
dance of surface N vacancies. More recently, Sagisaka et
al. directly visualized surface N vacancies using scanning
tunneling microscopy and atomic force microscopy [61].
On the other hand, the Ef of VN,surf is approximately 1 eV
smaller than that of VN,bulk. Thus, nitrogen vacancies below
the m surface that can be generated by etching damage in
top-down processes would diffuse out to the surface and
accumulate, boosting SRH recombination.

To corroborate the negative impacts of VN on SRH
recombination, we build the CC diagram describing elec-
tron and hole capture into ε(+/0), as shown in Fig. 4(a) for
VN,surf and Fig. 4(b) for VN,bulk. Q is the generalized con-
figuration coordinate defined by the total mass-weighted
distortion of the atomic structure with respect to that of
VN in the neutral state. The transition energy of �En(p)

for electron (hole) capture, which is also referred to as the
zero-phonon line in the optical transition, is determined
by the ε(+/0) position relative to the CBM (VBM). The
sum of �En + �Ep corresponds to the band gap of GaN.
A complete SRH recombination cycle consists of two suc-
cessive capture processes: electron capture by the VN in the
1+ state, followed by hole capture by the VN in the neutral

state. En(p)

b is the energy barrier for nonradiative capture
of an electron (hole). Considering the quantum tunnel-
ing effect, the energy barrier can decrease. Because of the
exponential dependence of the capture cross section on the
energy barrier [62], the slower process with a higher bar-
rier between electron and hole capture processes is likely to
dominate the overall recombination rate on a single defect
site.

For VN,surf, hole capture gives rise to a higher capture
barrier of 0.27 eV than that for the electron capture of
0.03 eV being the rate-determining step, as inferred by the
position of ε(+/0). According to previous calculations,
Ca substituting Ga (CaGa) in InxGa1−xN leads to a simi-
lar hole-capture barrier for In-rich compositions, resulting
in a significant capture coefficient [63]. When examining
the capture coefficient using nonrad code [64], we indeed
find a significant value of 2 × 10−7 cm3/s that is higher
than approximately 2 × 10−9 cm3/s for hole capture on
CaGa and comparable to approximately 1 × 10−7 cm3/s
for electron capture on VGa-3H in InxGa1−xN [57,63]. (The
temperature is set to 390 K that is a typical operating tem-
perature of LED.) Therefore, VN,surf is likely to work as
an effective SRH recombination center that deteriorates
the quantum efficiency of µLEDs. On the other hand, as
in VN,surf, the harder (easier) capture of a hole (electron)
is also expected from the position of ε(+/0) for VN,bulk.
However, the Ep

b for VN,bulk (2.6 eV) is even larger than
that for VN,surf, resulting in a negligible capture coeffi-
cient of approximately 10−30 cm3/s. As a result, VN,bulk
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cannot act as a critical SRH center. The much lower Ep
b

for VN,surf compared to that for VN,bulk partly relates to the
lower position of ε(+/0) in the former. Another reason for
the smaller Ep

b is the stronger electron-phonon coupling of
VN,surf compared to that of VN,bulk, as evidenced by larger
Huang-Rhys factors that quantify electron-phonon inter-
actions (Table S1 within the Supplemental Material [53])
[65,66]. Specifically, atomic distortion upon electron or
hole capture, namely the �Q of VN,surf is greater than that
of VN,bulk, and thus, hole capture on VN,surf becomes facile.
The analysis of atom-resolved �Q2 in Fig. 4(c) shows that
the strong electron-phonon interaction of VN,surf is associ-
ated with the Ga ion at the top surface; the Ga ion lacks
a Ga-N bond (Fig. S8 within the Supplemental Material
[53]) such that it can displace significantly during carrier
capture. Meanwhile, displacements of the four neighbor-
ing Ga ions of VN,bulk are smaller and similarly contribute
to total structural distortion.

According to our results, synthesis techniques that can
prevent the formation of surface VN are advantageous for
the efficiency of µLEDs. Indeed, it was demonstrated that
high-temperature (approximately 700 ◦C) annealing in air
or N2 atmosphere for longer than the typical annealing
time recovers the sidewall damages of GaN pillars induced
by etching and enhances the internal quantum efficiency
of LEDs [67,68]. In addition, sidewall passivation using
AlN, which may work as a nitrogen source, was recently
reported to be effective in eliminating SRH recombination
centers on the sidewall of GaN µLEDs [69].

IV. CONCLUSIONS

Using hybrid DFT calculations, we investigate the VN
and VGa on the GaN m surface. From the formation-
energy diagram, we illustrate that the concentration of
VGa would be low and that the surface VGa is unlikely
to provide effective channels for SRH recombination. In
contrast, a sizable amount of VN can be present on the
m plane, and this surface VN produces a deep level near
the midgap. With the CC diagram, we corroborate that
the energy barriers for electron and hole capture on the
surface VN are small enough to give rise to large capture
coefficients because of strong electron-phonon coupling.
Our results support the recent experimental observation
that GaN with nitrogen vacancies on the sidewall created
during the etching process yields inferior device perfor-
mances if an adequate post-treatment of the sidewall is
not applied [70]. By providing a detailed analysis of the
atomic and electronic structures of the surface vacancies as
well as enlightening their impacts on SRH recombination,
this study will pave the way to developing next-generation
displays and optoelectronic devices based on GaN
µLEDs.
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