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ABSTRACT: Indium gallium nitride (InGaN) is widely used in light-emitting diodes (LEDs) because of its excellent stability and
quantum efficiency (QE). By increasing the In concentration, an InGaN LED changes its color from blue to green and red.
Currently, InGaN with green-to-red emission suffers from low QE, and its efficiency degradation mechanism is insufficiently
understood. Using the density functional theory, we investigated the impact of point defects on the Shockley−Read−Hall (SRH)
recombination in the InGaN nanolayer. In particular, we determined defect formation energies, charge transition levels, and carrier
capture coefficients for the SRH recombination by systematically varying the In content. It was found that a nitrogen atom
substituted by carbon was a dominant deep acceptor whose capture coefficient increased with increasing In concentration.
KEYWORDS: density functional theory, light emitting diode, Shockley−Read−Hall recombination, capture coefficient,
defect formation energy, transition level, indium gallium nitride

■ INTRODUCTION
Display technologies are applied to various electronic devices
ranging from wearable devices to large-scale displays, and their
application scope is continually broadening.1 In mobile
devices, the display consumes the largest amount of power,
driving the demand for high-efficiency displays.1,2 The current
display technology is broadly classified into two classes: backlit
and self-emissive systems.1,3,4 A liquid crystal display (LCD)
belongs to the first class and requires a separate backlight
unit,4,5 which not only increases the panel thickness but also
restricts the flexibility and form factor.5−7 In addition, LCDs
face performance challenges such as slow response times and
insufficient color saturations.3,7 An organic light-emitting diode
(OLED) is a widely used self-emissive display with a superior
contrast ratio and flexible design. However, OLEDs have their
own limitations, including burn-in problems and short
operational lifetimes.8−10 Solid-state micro-LEDs are appealing
alternatives to OLEDs and LCDs in various applications.11−13

They have many advantages such as increased brightness and
reliability, reduced power consumption, longer lifetimes, and
smaller form factors.12,14−17

Indium gallium nitride (InGaN) is a key material for micro-
LED displays.18,19 InGaN LEDs with blue emission exhibit
excellent durability and quantum ef f iciency (QE).20−23 To
achieve the green or red emission required for the complete
representation of color, the In concentration in InGaN must be
increased. However, an increase in the In content significantly
degrades the crystal quality and internal QE (IQE) of
InGaN.24−26 Fundamentally, the IQE degradation originates
from nonradiative carrier recombination. Two main mecha-
nisms contribute to nonradiative recombination: Auger and
Shockley−Read−Hall (SRH) recombination. In Auger recom-
bination, an electron−hole pair recombines without emission
and transfers its energy to a third carrier (electron or hole).27,28

The excited carrier relaxes through phonon scattering,
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dissipating the recombination energy in the form of heat.29 In
the SRH process, point defects introduce energy states within
the bandgap, which can trap electron−hole pairs that would
otherwise contribute to radiative recombination.30,31 In many
cases, SRH recombination is primarily responsible for
degrading the efficiency of an LED device.32,33 In particular,
deep-level defects act as the main recombination centers
(Figure 1).30,34

Identifying point defects and characterizing their contribu-
tions to SRH recombination can help reduce their detrimental
effects on InGaN LEDs with green-to-red emissions.35 In this
respect, a first-principles study may elucidate how various types
of defects influence SRH recombination rates and the overall
device efficiency.35 Nevertheless, we are unaware of any first-
principles studies on the SRH recombination in InGaN.
Previously, the density functional theory (DFT) was used to
investigate point defects in GaN.36−38 By considering native
point defects (vacancies, interstitials, and antisites), Miceli and
Pasquarello and Christenson et al. found that nitrogen
vacancies were the most stable defects, and that carbon
substitutions at N sites caused additional yellow lumines-
cence.39,40 Alkauskas et al. reported that the electronically
excited states of defects were also important for the SRH
recombination in GaN.41

Herein, we performed extensive DFT calculations to
investigate how the SRH recombination in InGaN was affected
by its composition. By systematically varying the In
concentration, the emission color of InxGa1−xN (0 ≤ x ≤
0.42) was continuously changed from blue to green and red.
We quantitatively examined the formation energies, charge
transition levels, and SRH recombination rates of various
substitutional and vacancy defects. It was found that the C
substitution of N was the major point defect responsible for
the efficiency degradation in InGaN LEDs, providing the
atomic origin of the low efficiency observed in the green-to-red
emission range. This fundamental understanding of the defect-
induced recombination mechanism can facilitate the rational
design of efficient green-to-red micro-LEDs.

■ COMPUTATIONAL METHODS
Spin-polarized DFT calculations were performed using the Vienna ab
initio simulation package (VASP).42,43 Projector augmented wave
(PAW) pseudopotentials were employed to represent the core
electrons.44 The generalized gradient approximation (GGA) with
the revised Perdew−Burke−Ernzerhof for solids (PBEsol) functional

were utilized to describe the exchange−correlation energy.45 The 3d
electrons of Ga and In were explicitly included in the valence shell.
Bandgap energies were calculated using the Heyd−Scuseria−
Ernzerhof hybrid density functional (HSE06) with a fixed Hartree−
Fock (HF):GGA mixing ratio of 25:75 and screening parameter of 0.2
Å−1.46

The nondefective structure of InxGa1−xN was built from a Wurtzite
GaN unit cell. A 3 × 2 × 2 supercell composed of 48 formula units
was constructed using the special quasi-random structure (SQS)
method implemented in the alloy theoretic automated toolkit
(ATAT).47−50 By utilizing the cluster expansion up to four-body
interactions, the present SQS structure emulates a random solid
solution of InxGa1−xN. The constructed SQS represents the statistical
average of local atomic environments in a random alloy. While the
local compositional fluctuations (e.g., In clustering) or phase
separation are not explicitly captured within this approach, it provides
a reasonable description of the average defect behavior in substitu-
tionally disordered InxGa1−xN. Therefore, the results in this work
should be representative of those from statistically random alloys.51,52

The present size of supercell is commonly employed in the first-
principles calculations of the defected III-nitride materials.53−55 The
previous studies have demonstrated that supercells in the range of
tens to hundreds of atoms provide a reasonable balance between the
computational feasibility and accuracy, especially when appropriate
finite-size corrections are applied.54,56 To mitigate the spurious
defect−defect interactions arising from the periodic boundary
conditions, we applied the finite-size correction scheme, which is
known to effectively account for the long-range electrostatic
interactions. As a result, the residual finite-size errors are expected
to be significantly reduced and to decay rapidly with increasing the
cell size. Regarding the alloy nature of the system, we note that the
defect energetics are primarily governed by the local atomic
environment surrounding the defect rather than the global configura-
tional randomness, as reported in the previous studies on alloy
semiconductors.55 The present supercell captures the essential local
coordination environments, which are the dominant factors
determining the defect formation energies and transition levels.
Based on these considerations, the present supercell size should
provide a reasonable approximation.
We considered four types of point defects: Ga vacancies (VGa), In

vacancies (VIn), N vacancies (VN), and C substitutions at N sites (CN).
Each type of defect was produced by removing or substituting a single
atom in the supercell while maintaining the overall charge neutrality.
Only these types of defects were considered in this study because they
are expected to introduce deep levels within the bandgap and directly
mediate the SRH recombination. In particular, carbon is a common
unintentional impurity in InGaN grown by MOCVD and MBE,
originating from metal−organic precursors and residual contami-
nation, and can incorporate at nitrogen sites to form CN defects.
Therefore, C-related defects are considered as realistic candidates for
deep-level recombination centers in practical device structures.
Oxygen- and hydrogen-related impurities, which are commonly
incorporated during MOCVD growth, were not explicitly considered,
as they are generally reported to behave as shallow donors in the Ga-
based nitrides and are therefore less likely to act as efficient deep-level
SRH recombination centers.53

Figure 2 illustrates the atomic configuration of the InxGa1−xN
supercell, highlighting the point defects. DFT calculations were
performed at an energy cutoff of 400 eV using a gamma-centered 4 ×
5 × 3 mesh to sample the Brillouin zone. To validate the present
cutoff energy, we tested the cutoff energies of 450, 500, and 520 eV
for all charge states of the CN defect at x = 0.42. Figure S1 illustrates
that the defect formation energies evaluated with the higher cutoff
values are virtually identical to those evaluated by using the default
cutoff of 400 eV (differences less than 0.005 eV). The present cutoff
energy is therefore sufficient to ensure reliable and well-converged
results while maintaining the computational efficiency.
The supercell geometries were relaxed until the forces were below

10 meV/Å. The defective structures were optimized by relaxing only

Figure 1. Schematic of the SRH recombination process at a point
defect whose energy level ΔE is located above the VBM. The electron
(hole) capture rate Rn (Rp) is expressed as the product of the capture
coefficient Cn (Cp), carrier density n (p), and defect concentration in
the charge state 0 (−1), N0 (N−). A deep-level defect located near the
middle of the bandgap mainly contributes to the SRH recombination.
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the ionic positions and fixing the volume to that of the nondefective
supercell.57,58

The formation energy of a point defect d in the charge state q,
ΔEf(d;q) is defined as59

= + +

+

E d q G d q G bulk n q E E

E

( ; ) ( ; ) ( ) ( )f
i

i i VBM F

corr (1)

where G(d;q) and G(bulk) are the energies of the defective and
pristine supercells, respectively. ni is the number of ith atoms added to
or removed from the pristine material to create defects. μi is the
chemical potential of the ith atom, EVBM is the valence band maximum
(VBM) eigenvalue of the nondefective supercell, EF is the Fermi level,
and Ecorr is the correction term for a finite-sized supercell. All the
defect formation energies were calculated by using the Spinney
package.60 The finite-size correction Ecorr for charged defects was
evaluated using the Kumagai−Oba correction scheme as implemented
in Spinney, which accounts for the spurious electrostatic interactions
between periodic images and includes a potential alignment
correction based on atomic-site electrostatic potentials.61 Within
this framework, the correction energy is expressed as Ecor = Elat + qΔϕ,
where Elat describes the electrostatic interaction between the charged
defect, its periodic images, and the compensating background charge,
and Δϕ is obtained from the difference in the macroscopic average of
electrostatic potentials between defective and pristine supercells.
Both the Ga-rich and N-rich conditions with μGa = μGa(bulk) and
=N N2

, respectively, were considered. For both conditions, the
chemical potential of the other species was determined according to
the thermodynamic equilibrium condition of GaN: μGaN = μGa + μN.
Once μGa and μN were determined, the chemical potential of In was
computed via the following equation:62

+ + =In Ga N InGaN (2)

The chemical potential of carbon (μC) was referenced to the bulk
carbon in its most stable phase, graphite. Since carbon is treated as an
extrinsic impurity in GaN, μC was taken at the C-rich limit

=( )C C
graphite , without defining separate C-rich and C-poor

conditions. This choice provides the upper bound of μC and is
consistent with standard defect formalisms. The chemical potentials
were further constrained to ensure the thermodynamic stability of the
host GaN under Ga-rich and N-rich conditions, while avoiding the
formation of competing secondary phases involving carbon.63

The nonradiative capture coef f icient Cn,p was calculated using the
configuration coordinate model within an effective one-dimensional
(1D) phonon approximation.35,41,64 In this approach, multidimen-
sional lattice vibrations are projected onto a single effective mode that
captures the dominant structural relaxation associated with carrier
capture. While this approximation significantly reduces computational

cost, it neglects contributions from multiple phonon modes and
possible anharmonic effects. These limitations may be more
pronounced in disordered alloy systems such as InGaN, where local
structural variations broaden the phonon spectrum and introduce
additional coupling channels. Nevertheless, the carrier capture process
is typically dominated by localized defect states and their associated
lattice relaxation, making the 1D approximation a reasonable
approach for capturing the primary physics of nonradiative
recombination. Therefore, the calculated capture coefficients are
expected to reliably describe relative trends across different
compositions, although their absolute values may carry some
uncertainty. The carrier capture coefficient is given by

= | | + | |

× +
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where V is the supercell volume, f is the scaling factor describing the
capture by charged defects, g is the degeneracy of the final state, and
Wif is the electron−phonon coupling matrix element. ηsp reflects the
spin-selection rules (ηsp = 1 when the initial state is a spin singlet and
the final state is a doublet; ηsp = 1/2 when the initial state is a spin
doublet and the final spin is a singlet). ΔE is the energy difference
between the two states; Ωi and Ωf are the effective vibrational
frequencies in the initial and the final state, respectively; and Q is the
effective one-dimensional phonon coordinate (Q = 0 corresponds to
the equilibrium geometry of the initial state). The potential energy
minima of the two electronic states are offset by ΔQ. The sum runs
over the vibrational states of the excited (χim) and ground (χfn)
electronic states. ωm(T) is the thermal occupation factor. The delta
functions are replaced by Gaussians with a standard deviation of
0.8ℏΩf.

■ RESULTS AND DISCUSSION
The DFT calculations yielded the following GaN lattice
parameters: a = 3.16 Å and c = 5.15 Å, which closely match the
experimental values a = 3.19 Å and c = 5.19 Å.65 The lattice
parameters of InxGa1−xN determined for x = 0.04, 0.17, 0.25,
and 0.42 are a = 3.18, 3.22, 3.25, and 3.30 Å, and c = 5.18, 5.24,
5.28, and 5.35 Å, respectively. The observed increase in the
lattice parameter with increasing the f raction of In, x, can be
attributed to the fact that the In atom is bigger in size than the
Ga atom. Considering the lattice parameters of InN (a = 3.55
Å, c = 5.70 Å),66 the calculated lattice parameters are
reasonable.
Figure 3 shows the bandgap energy of InxGa1−xN plotted as

a function of x. Regardless of the utilized functional, the
bandgap energy decreases as x increases from 0 to 0.42. The
experimental bandgap energy of GaN (3.50 eV) is significantly
underestimated using the PBEsol functional (2.01 eV).
However, the bandgap energies obtained with the HSE06
functional agree well with the experimental data:40,67,68 the
bandgap energy of GaN is 3.52 eV, which closely matches the
previously computed56 and experimental values. In addition,
the HSE06 calculated bandgap energies are in good agreement
with the experimental values reported for x = 0.05 (3.25 eV)
and 0.11 (3.01 eV).69 Figure 3 also shows the wavelengths and
colors corresponding to the bandgap energies. The wavelength
increases from 352 to 373, 448, 492, and 579 nm as x increases
from 0 to 0.04, 0.17, 0.25, and 0.42, respectively. These
wavelengths cover the entire visible (blue to red) color
spectrum. It should be noted that the actual emission from an
InGaN LED slightly differs from the bandgap wavelength
reported here. Approximately, however, with increasing x from

Figure 2. Four types of point defects formed in the InxGa1−xN
supercell. Ga, In, and N vacancies are represented by VGa, VIn, and VN,
respectively, and C substitution at the N site is denoted as CN. The
vacancies are indicated by the gray transparent spheres.
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0 to 0.42, the emission color of InxGa1−xN changes from blue
to green and red.70,71

In a practical InGaN-based LED, a nanoscale layer of InGaN
is typically grown on a GaN substrate, resulting in the in-plane
lattice constants constrained to those of GaN.72 To evaluate
the effect of such a strain, we calculated the bandgap under the
strained conditions by fixing the in-plane lattice parameters to
those of GaN (Figure S2). For example, at the composition of
42% In, the bandgap decreased from 2.14 to 1.82 eV by
introducing the strain. The reduced bandgap under the strain
may facilitate the carrier capture processes and therefore the
SRH recombination rate could be somewhat enhanced
compared to that of the relaxed structure. Despite this
difference, the overall trend of reduction in the bandgap with
increasing the fraction of In remained unchanged (Figure S2).
First, we inspected point defects in GaN. Figure 4 plots the

defect formation energy versus the Fermi energy. For each

curve, only the lowest energy among the different charge states
is shown (see eq 1). These results are obtained for three types
of defects under the Ga-rich and N-rich conditions.
Throughout this paper, all Fermi energies are reported relative
to the VBM calculated using the HSE06 method. The
formation energies of defects with different charge states

evaluated at the VBM (Fermi energy = 0) are listed in Table 1.
In order to verify the convergence of the considered charge

states, we performed additional calculations for the higher and
lower charge states for all the defects.63,73−76 The results show
that the formation energies of extreme charge states are
consistently higher than those of intermediate states across the
entire Fermi level range. In particular, the −2 charge states of
CN and VN, as well as the +3 charge states of VGa and VIn, are
always less stable than neighboring charge states, confirming
that the relevant charge states are well converged. The
corresponding formation energy diagrams are illustrated in
the Supporting Information Figure S3.
Figure 4 shows that regardless of the defect type, the

formation energy linearly increases (q = 1), plateaus (q = 0),
and decreases (q = −1) as the Fermi level moves up from the
VBM toward the conduction band minimum (CBM). In the
neutral-charge state (q = 0), VGa defects have the highest
formation energy. The formation energies of VN and CN
defects are comparable. By switching from the Ga-rich to N-
rich condition, the formation energy of VGa defects decreases,
but those of VN and CN defects increase (Figure 4), which is
consistent with the study conducted by Miceli and
Pasquarello.40 Transition levels within the bandgap of GaN
were determined for the VGa(1/0), VGa(0/−1), CN(1/0),
CN(0/−1), VN(1/0), and VN(0/−1) defects. The formation
energies of the neutral states of VGa (7.54 eV) and VN (2.58
eV) defects under the Ga-rich condition (Table 1) are in good
agreement with the prior values (7.02 and 2.59 eV) obtained
from the results of full hybrid functional calculations.40,57 This
further validates the present method combining the PBEsol
functional for the structure optimization with the HSE06
bandgap calculation.
Next, we examined various defects in InxGa1−xN (x = 0.04,

0.17, 0.25, and 0.42), as shown in Figure 5. Here, the
formation energies of VGa, CN, and VN defects exhibit trends
qualitatively similar to those observed for GaN; VGa defects
generally have higher formation energies than those of CN and

Figure 3. Bandgap energy versus the fraction of In, x, in InxGa1−xN.
The obtained values were computed by employing the PBEsol
(squares) and HSE06 (circles) functionals. The experimental values
obtained for x = 0.05 and 0.11 are presented as stars. In the right y
axis, the wavelength and color of the visible spectrum are shown for
reference. The lines serve as visual guides.

Figure 4. Defect formation energy of GaN plotted as a function of the
Fermi energy under the Ga-rich (solid lines) and N-rich (broken
lines) conditions. Results are shown for VGa (green), VN (gray), and
CN (brown) defects, whose charge states are listed above each curve.
The kinks of each curve correspond to charge transition levels.

Table 1. Formation Energies of Various Point Defects ΔEf s
in GaN Calculated under the Ga-Rich and N-Rich Chemical
Potential Conditionsa

ΔEf (eV)

Defect Charge State Ga-rich N-rich

VGa +1 7.19 5.98
0 7.54 6.33
−1 8.73 7.52
−2 10.95 9.74
−3 14.44 13.24

VN +3 0.83 2.04
+2 0.19 1.40
+1 −0.01 1.20
0 2.58 3.79
−1 5.81 7.02

CN +3 3.38 4.58
+2 2.46 3.67
+1 2.17 3.38
0 2.56 3.77
−1 3.90 5.11

aVGa, VN, and CN defects are considered. The ΔEf values obtained at
the Fermi energy equal to zero (at the VBM) are presented in Figure
4.
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VN defects. The formation energy of CN defects, which was
lower than that of GaN, decreases slightly with increasing In
fraction. The formation energies of VN defects are considerably
lower than those of CN, especially at high In fractions. The
formation energy of VN defects significantly decreases with
increasing x, whereas that of CN defects exhibits no
pronounced variations with x. The newly introduced VIn
defects have formation energies close to those of VGa defects
(within 0.35 eV) regardless of the In fraction. The formation
energies of VGa and VIn defects vary only slightly with x under
both the Ga-rich and N-rich conditions. Note that with raising
In fraction, the bandgap region shrinks as the CB (drawn as a
gray area) broadens with the CBM approaching 2.14 eV for x
= 0.42. Consequently, some transition levels, such as the
VN(0/−1) level, disappear from the bandgap region.
In Figure 6, the charge transition levels of defects in

InxGa1−xN are plotted as functions of x, and the obtained
results are shown for the cationic (Ga and In, top) and anionic
(N, bottom) site defects. The numbers near the symbols
represent the Fermi energies of the corresponding transition
levels. Only the transition levels within the bandgap region are
displayed. According to Figure 6 (top), VGa and VIn transition
levels have similar Fermi energies, consistent with Figure 5.
The VGa(−2/−3) level of InxGa1−xN is very close to that of the
CBM for x = 0 (GaN) and rapidly disappears from the
bandgap region as x increases to 0.04. The (−1/−2) levels of
VGa and VIn defects are closer to the CBM than to the VBM

Figure 5. Formation energies of the point defects in InxGa1−xN. x is
varied as x = 0.04 (a), 0.17 (b), 0.25 (c), and 0.42 (d). As the In
fraction x increases, the bandgap (white area) shrinks, and the
conduction band region (gray area) widens.

Figure 6. Charge transition levels of the cationic (top) and anionic (bottom) site defects plotted as functions of the In fraction x in InxGa1−xN.
Each number near a symbol indicates the Fermi energy of a specific charge transition level measured from the VBM. The conduction band is shown
as the blue area. In the top part, the transition levels of the VGa (VIn) defects are represented by the green (purple) symbols. In the bottom part, the
transition levels of the CN (VN) defects are denoted by the red (gray) symbols. All lines represent the linear regressions of the transition levels with
respect to x. The same axis labels displayed in the bottom apply to the top panel.
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and shift even closer to the CBM as x increases. However, the
(1/0) levels of VGa and VIn defects are close (within 0.4 eV) to
that of the VBM regardless of x. The (0/−1) levels of VGa and
VIn defects are located near the middle of the bandgap but
slightly closer to the VBM. Note that the (1/0) and (0/−1)
levels of VGa and VIn defects remain nearly unchanged (within
0.12 eV) with varying x. The (−1/−2) transition level is
shifted significantly toward the CBM as x increases.
As shown in Figure 5, VN defects exhibit the lowest

formation energy. However, at x = 0.42, the VN(1/0) and
VN(0/−1) levels are located outside the bandgap and,
therefore, unlikely to cause an SRH recombination. As
illustrated in Figure 6 (bottom), the VN(0/−1) level is present
inside the bandgap only at x = 0 and 0.04. The VN(1/0) level
appears in the bandgap at x = 0−0.25. At high In content (x ≈
0.42), the VN defect levels approach the conduction band edge
and no longer form localized deep levels within the bandgap,
indicating a transition to a shallow (or resonant) donor.53,77

This implies that electrons associated with VN can be more
readily thermally activated into the conduction band,
potentially increasing the free-electron concentration. This
might contribute to a native n-type conductivity at a high In
content. VN does not always dominate an unintentional n-type
conductivity in III-nitrides, and other donors or impurities,
such as oxygen, might play a significant role.
Both the CN(1/0) and CN(0/−1) transition levels remain

within the bandgap for the entire range of x. Although the
VGa(1/0), VIn(1/0), and CN(1/0) transition levels exist within
the bandgap at all In fractions, these transition levels are close
to the VBM and, therefore, unlikely to be deep acceptors. In
contrast, the CN(0/−1) transition level remains within the
bandgap across the entire composition range. The VGa(0/−1),
VIn(0/−1), and CN(0/−1) transition levels are potential deep
acceptors; however, the formation energies of the VGa(0/−1)
and VIn(0/−1) levels are much higher than that of CN(0/−1).
Therefore, the CN(0/−1) defect type is the most probable
deep acceptor.
After identifying the CN(0/−1) defect as the main deep

acceptor for SRH recombination, we calculated the electron
(Cn) and hole (Cp) capture coefficients for CN(0/−1) defects
in InxGa1−xN. In the case of GaN, we obtained Cp = 1.94 ×
10−10 cm3/s, which is comparable to but slightly smaller than
the previously computed values 3.1 × 10−9 cm3/s.64 The Cp
and Cn values computed for the CN(0/−1) in InxGa1−xN
exhibit a clear dependence on the In concentration: at x = 0.04,
Cp and Cn are equal to 9.77 × 10−9 and 2.19 × 10−13 cm3/s,
respectively. Upon increasing x to 0.17, 0.25, and 0.42, Cp (Cn)
varied as 3.32 × 10−8 (2.08 × 10−12), 4.09 × 10−8 (3.77 ×
10−12) and 2.78 × 10−8 (6.03 × 10−10) cm3/s, respectively. In
all compositions, Cp is significantly larger than Cn, indicating
that the recombination process is limited by the electron
capture. The SRH recombination rate R is expressed by the
following formula:

=
+

R N
C C np

C n C pT
n p

n p (4)

where NT denotes the defect concentration, and n and p are
the electron and hole concentrations, respectively. Under the
high-injection condition with n ≈ p, eq 4 is simplified to R =
An, where the SRH coef f icient A is expressed as A = NTCtot, and
the total capture coefficient Ctot is computed via the formula

= +Ctot
C C

C C
n p

n p
.41

We use a constant defect concentration NT of 1.00 × 1016
cm−3, which lies within the experimentally reported range of
defect densities in InGaN. This value is consistent with values
adopted in previous first-principles studies.19,32,41,78 Note
however the SRH coefficient linearly scales with NT, and NT
can change with varying the In fraction x. In practical InGaN
devices, increasing the In content is often accompanied by
enhanced strain, alloy disorder, and defect incorporation,
which can lead to an increase in NT.

79,80 When such
composition-dependent defect densities are considered, the
SRH recombination would be further enhanced at higher In
concentrations. Therefore, the efficiency degradation predicted
in this work should be regarded as a lower-bound estimate, and
more severe degradation is expected in real devices.81

In Figure 7, the SRH recombination coefficient A is plotted
as a function of the In fraction x. As shown in Figure 7, the

SRH coefficient A increases with increasing the In content.
With increasing x from 0 to 0.42, A increases by more than 3
orders of magnitude. This shows a strong composition
dependence of the electron capture process associated with
the CN(0/−1) defect, suggesting that SRH recombination
becomes increasingly significant at a higher In concentration.
The A coefficient should be interpreted as the contribution of
the considered defect channel, rather than the total effective A
coefficient governing a device-level IQE behavior. Also, the
radiative and Auger recombinations should be considered to
assess the overall efficiency of an InGaN LED.
Admittedly, a nanoscale layer of InGaN is typically grown on

a GaN substrate and the in-plane lattice constants are likely to
be constrained to those of GaN. The reduced bandgap under
the strain due to a substrate of InGaN (typically GaN) may
facilitate the carrier capture processes and therefore the SRH
recombination could be somewhat enhanced compared to the
relaxed case. Therefore, the present results based on the
relaxed structures of InGaN slightly underestimate the actual
SRH processes in the real devices. In Figure S2, the bandgap
values of both the relaxed and strained structures are plotted vs
the In fraction.

■ CONCLUSION
InGaN LEDs exbibit distinct advantages over OLEDs and
LCDs, such as enhanced stability, lifetime, and brightness.
However, the QE of InGaN LEDs with green-to-red emission
is relatively poor and desired to be improved. Such an

Figure 7. SRH recombination coefficient A plotted as a function of
the In fraction x in InxGa1−xN. The values are calculated for the
dominant deep-level defects CN(0/−1), assuming a defect concen-
tration of 1.0 × 1016 cm−3.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.6c01138
ACS Appl. Nano Mater. 2026, 9, 9478−9486

9483

https://pubs.acs.org/doi/suppl/10.1021/acsanm.6c01138/suppl_file/an6c01138_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c01138?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c01138?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c01138?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.6c01138?fig=fig7&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.6c01138?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


improvement should be based on the fundamental under-
standing of the nonradiative recombination mechanism
underlying the low efficiency of InGaN with green-to-red
emission. By performing first-principles calculations, we
investigated various point defects and their impacts on the
SRH recombination in an InGaN LED. By systematically
varying the InGaN composition, we elucidated the influences
of various defects on carrier recombination and the overall
device efficiency by examining the formation energies and
transition levels. The incorporation of In into GaN facilitated
the formation of Ga and In vacancies and C substitution of N
sites, and this trend became more pronounced with increasing
In content. The C substitution of N sites resulted in the most
pronounced SRH recombination. Based on our defect
formation energy analysis, Ga-rich conditions are expected to
suppress the formation of CN defects. In practical growth
processes, such conditions can be achieved by adjusting the V/
III ratio, which controls the effective chemical potentials
during epitaxy.82,83 The SRH recombination coefficient A was
found to increase by 3 orders of magnitude with raising the In
content from 0 to 42%. This trend, primarily driven by the
composition-dependent electron capture process of CN defects,
suggests that defect-mediated SRH recombination becomes
increasingly significant in the high-In InGaN alloy. Our
findings underscore the importance of controlling point defects
to mitigate the efficiency losses of InGaN LEDs with green-to-
red emissions. The oxygen- and hydrogen-related impurities,
which are commonly incorporated in a MOCVD growth, were
not explicitly considered in this study. Although they are
generally associated with shallow donor behavior, they may still
influence recombination indirectly through changes in carrier
concentration or interactions with native defects. The present
study focused on the defect-mediated SRH recombination
from an atomistic viewpoint provided by the first-principles
calculation. It should be noted, however, according to the
venerable ABC model,84−86 the overall IQE is influenced by
the radiative and Auger recombinations as well. In particular,
the Auger recombination is known to become significant at
high carrier injection levels.27,84,87 Therefore, the conclusions
of this study are limited to defect-mediated SRH processes,
and the contributions of other recombination channels may
vary depending on the operating conditions. A comprehensive
analysis including all recombination mechanisms is left as a
future work.
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