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AlGaN alloy has a wide range of applications in ultraviolet photodetectors. Carbon defects, though detrimental as
carrier capture centers, offer a tunable pathway for defect-mediated optoelectronic engineering in AlGaN alloys. By com-
bining first-principles calculations with configurational sampling, we systematically resolve the thermodynamic stability
of AlyGa;_,N (x = 0.33, 0.50, 0.61) alloy, and determine that the carbon atom will occupy the nitrogen point position.
Taking into account c-axis polarity of wurtzite structure and carbon-on-nitrogen substitutional defect (Cy) nearest neighbor
atomic arrangement, the eight possible configurations are constructed, and the polarity has little effect on the total energy
(AE is 0.02 eV-0.07 eV). After ignoring the c-axis polarity, the formation energy of 8 possible Cy defect configurations
increases linearly with the number of Al neighbors (n =0, 1, 2, 3, 4, meaning the number of Ga neighbors is 4, 3, 2, 1,
0), and the influence of different configurations on the transition level is less than 0.2 eV. Because the formation energy
difference of five configurations is less than 1.22 eV, all these defect configurations may appear in the actual growth process
of AlGaN alloy. In addition, the calculation results of the optical transition process show that the photoabsorption (PA)
and photoluminescence (PL) energies are also linear with the Al contents. For the non-radiative recombination process of
defect transition levels, since the 5 possible configurations produce a transition level fluctuation within 0.18 eV, each 0.1-eV
energy fluctuation corresponds to an order of magnitude in the hole capture cross-section fluctuation. Strategic Al content
modulation enables precise tuning of defect transition levels, offering a direct route to suppress non-radiative recombination
in ultraviolet (UV) photodetectors.
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1. Introduction

III-nitride semiconductor materials such as GaN, AIN,
and AlGaN ternary alloys have great potential in ultraviolet
(UV) optoelectronics or high-frequency and high-power diode

5.4 In the preparation of II-nitride materials by

electronic
metal organic chemical vapor deposition (MOCVD) method,
the deep defect transition level introduced by C defects usu-
ally acts as the non-radiative recombination center, which re-
duces the performance of AlGaN photoelectric devices. Pho-
toluminescence (PL) spectroscopy is a nondestructive charac-
terization technique compared with secondary ion mass spec-
trometry (SIMS) and can be used for conventional, nonde-

structive defect identification. And it has been experimentally
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confirmed that C defects cause intense photoabsorption (PA)
with energies above 0.7 Eg in Al;Ga; N (0 < x < 1) mate-
rials accompanied by bright PL.5-1%1 When the concentration
of C defects increases to 2x 10® ¢m™3, the non-radiative re-
combination center will be generated, which reduces the quan-

HO-12] Accurate identification of defect centers

tum efficiency.
in AlGaN alloy materials and in-depth study of defect-related
photoelectric properties can promote the efficient application
of AlGaN-based devices in various fields. However, it is dif-
ficult to identify the microscopic source of the defect center
experimentally because of the different sensitivities of the de-
fect transition level to the cation concentration, band gap, band

edge, and metal cation distribution in the alloy.

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

087701-1


https://doi.org/10.1088/1674-1056/ae156a
https://cstr.cn/32038.14.CPB.ae156a
mailto:hszhang@imu.edu.cn
mailto:ndgong@imu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 087701 (2026)

In terms of theoretical investigations, current research
on defect centers in alloy materials predominantly focuses
on calculating transition levels, luminescence peak positions,
zero-phonon lines, and related parameters,[!3~15! while largely
neglecting the carrier non-radiative recombination processes
within defect centers. Density functional theory (DFT) calcu-
lations have been employed to study the photoelectric proper-
ties of C-doped GaN and AIN pure-phase systems. It is shown
that C defects preferentially occupy nitrogen sites (where Cy
constitutes the dominant defect state in n-type samples) rather
than cation or interstitial sites.!'®~'8 The PL energy associated
with the Cy (0/—) transition level in AlGaN is predicted to a
range from 2.2 eV (GaN) to 3.9 eV (AIN).['9-23] Although ex-
tensive theoretical efforts have been devoted to understanding
the photoelectric characteristics of Cy defects in pure com-
pounds, significant challenges persist in extrapolating these
findings to ternary or quaternary alloy systems. Furthermore,
the correlation between the photoelectric behavior of AlGaN
alloys with varying defect configurations and their aluminum
content remains poorly understood.

Experimentally, Rigutti et al. have verified the random
distribution of cations in InGaN alloy by atom probe tomog-
raphy (APT) technology.**! In alloy materials, the physical
properties of point defects exhibit significant variations de-
pending on the spatial distribution of neighboring atoms sur-
rounding defect sites. Wickramaratne ef al. systematically
constructed twelve distinct Vg,—X and Cy atomic configura-
tions within InGaN supercells, revealing transition level fluc-
tuations spanning 0.32 eV.!'3! Given that the relative position-
ing of defect transition levels within the bandgap fundamen-
tally governs both defect-mediated optical transitions!?>-26]
and carrier recombination processes between defect centers

[27-29] the experimentally observed photoelec-

and band edges,
tric phenomena associated with point defects in alloys should
be interpreted as statistical manifestations of multiple coexist-
ing atomic configurations.

In this work, through first-principles calculations of for-
mation energies, we unequivocally resolve the preferential
nitrogen-site occupancy of Cy defect in AlGaN alloys. By
comprehensively modeling all eight possible defect configu-
rations, accounting for wurtzite c-axis polarity and nearest-
neighbor atomic environments, we demonstrate that local
atomic arrangements induce remarkably small transition level
variations (< 0.2 eV) at fixed Al compositions. Crucially,
we establish two fundamental relationships: (i) a linear scal-
ing law between optical transition energies and Al concen-
tration, and (ii) a logarithmic correlation where each 0.1-eV
shift in defect transition level alters hole capture cross-sections
by an order of magnitude. These quantitative principles not
only provide a predictive framework for defect spectroscopy

in [I-nitride alloys but also enable targeted defect engineering

through Al composition tuning, a strategy directly applicable
to UV photodetector optimization.

2. Calculation details

The first-principles calculations are based on DFT
using the hybrid functional of Heyd-Scuseria—Ernzerhof
(HSE)[3%3!1 a5 implemented in the PWmat software.3>33! The
mixing parameter (o) for the Hartree—Fock potential is taken
as 0.31. To ensure the reliability of the conclusion regard-
ing the stability of the doping configuration, we systematically
tested the convergence of the formation energy with the same
Cn defect nearest-neighbor atomic arrangement for 2x2x1,
3x3x2, and 4x4x2 supercell sizes (as shown in Fig. S1 of
supporting information). It was found that the formation en-
ergy of Cy defect had fully converged in the 3x3x2 super-
cell, and the difference with the results of the 4 x4 x2 size was
only 0.003 eV, which was negligible. Therefore, the 4x4x2
supercell of 128-atoms adopted in this paper can effectively
eliminate the size effect. To ensure that the 128-atom supercell
model adopted in this study can accurately fold the band edges
to the Gamma point, thereby guaranteeing the reliability of
subsequent electronic structure and electron—phonon coupling
calculations, we conducted a rigorous verification of it. First,
we calculated the complete band structure of the original unit
cell as a benchmark. Subsequently, we obtained the equivalent
band structure of the undoped 128-atom supercell using the
band expansion technique. Figure S2 demonstrates that the ex-
panded supercell bands exhibit excellent consistency with the
original unit cell bands, particularly near the band edges at the
Gamma point, thereby confirming the supercell’s reliability.
In Al,Ga;_,N alloy, the process of randomly replacing alu-
minum atoms in the cation lattice was simulated using statisti-
cal methods. For a given target composition (e.g., x = 0.5), we
started from a perfect GaN crystal-type gallium—nitride super-
cell (a 4x4x2 supercell with 128 atoms). We used a Python
script to randomly select and replace 32 Ga atoms with Al
atoms to ensure the required chemical composition. This ap-
proach is conceptually consistent with the goal of the special
quasi-random structure (SQS) method,**! which is to create a
computational model capable of capturing the basic disorder
of random alloys. To ensure the statistical reliability of our
results, we generated multiple independent random structures
for each alloy composition. Through simple relaxation, we
found that the arrangement of atoms had a negligible impact
on the total energy of the system under the same atomic ratio.
Therefore, we selected one configuration for each component
to subsequent calculations. All C related defect calculations
were performed with the summations over the Brillouin zone
were approximated by one k point (I"), a plane-wave basis set
with a cutoff of 70 Ry and force optimization accuracy was set
at 0.02 eV/A. The calculated lattice parameters for GaN are
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a=b=3.16 Aandc=5.14 A, and for AlNarea=b=3.10 A
and ¢ = 4.96 A, and the bandgaps of Al,Ga;_,N (0 <x<1)
varies from 3.52 eV of GaN to 6.03 eV of AIN with the change

of Al contents, which is consistent with the experiment. 135.36]

3. Results and discussion

3.1. Stable region in chemical potential spaces and defect
formation energies

The defect formation energy of C-doped AlGaN alloys
depends on the atomic chemical potential, which is ther-
modynamically limited by several conditions. First, taking
Alp33Gag 7N as an example, the chemical potential must be
smaller than its corresponding solid element to avoid the pre-
cipitation of Al, Ga, and N:

Aual <0, Apg, <0, Aun <0. 9]

At the same time, to ensure the formation of thermodynami-
cally stable Aly33Gag 67N compounds, the chemical potential
must satisfy the following equation:

0.33AA; +0.67AlGs + Apn = AH; (Alg33Gage7N).  (2)

Second, other binary and ternary phases need to be considered
to further limit the region allowed by the chemical potential.
Since Al, Ga, and N atoms may form GaN, AIN, AlGaN,,
Al,GaN3, and AlzGaNy4 compounds, in order to avoid the
formation of these competing phases, the chemical potential
needs to satisfy the following conditions:

AliGa +Aun < AH; (GaN), 3)
Apiar+Apn < AH; (AIN), “4)
Apal + AlG, +2Aun < AHp (AlGaNy), &)
2AuA1 + Alca + 3Aun < AH; (Al,GaN3), (6)
3AuAL+ AUGa +4AuN < AHp (Al3GaNy) . @)

The allowable regions of Aua; and Alg, can be deter-
mined based on Egs. (3)—(7), as shown in Fig. 1 in the shaded
part (quadrilateral EFGH), and the coordinates of several spe-
cial points are listed in Table 1.

Table 1. Special point coordinates for constructing the stability region
of the Al-Ga—N systems.

Position Aiar (V) Aliga (€V) Afin (V)
A 0 0 —2.896
B 0 —4.344 0
c —8.689 0 0
E —6.504 ~1.093 0
F —6.694 ~0.998 0
G ~5.696 0 ~0.998
H —5.411 0 ~1.093

Apga (eV
Al-rich, Ga-poor KGa (V) Al-rich, Ga-rich
B —4.0 —3.0 —2.0 —1.0 0

Al,Ga|N,

ALGaN,

Apar (eV)

Aly33Gag N

Al-poor, Ga-rich

Fig. 1. The thermodynamic chemical potential stability region in
Alp33Gag¢7N compound at (Apta;, Allga) plane. All the heat of for-
mations for the compounds are from DFT calculated results. The red
shaded area represents the stable range of the compound.

In addition, in order to prevent the formation of C defect-
related competing compounds (AIC, AlC3;, Al4C3, GaC,
GaCy), it is required that

mAUAI+ nAUGa + pAlic < AH; (Al,Ga,Cp) . (8)

When simulating the growth environment of Alg33Gag ¢7N
crystal, we selected 4 representative points in the stable region
of chemical potential and, combined with Eq. (8), obtained
Auc of E, F, G, and H points as —1.034, —1.129, —2.126,
and —2.126 eV, respectively. The defect formation energies
for Caj, Cga, Cn substitutional defects, and C;j interstitial de-
fect are finally obtained, as shown in Fig. 2. Considering that
there are few Al atoms in this alloy system, for Cy defects,
most of its nearest cations are Ga atoms, and only the config-
urations in which the nearest neighbors of the defects are Ga
atoms (the lowest formation energy) are drawn in the figure.
Other configurations will be further discussed in the subse-
quent work.

Figure 2 only displays the lowest energy charge states
corresponding to Caj, Cga, Cn, and C; defect transition lev-
els. The slopes of line segments correspond to different charge
states, and the inflection points correspond to the transition en-
ergies of defects between different charge states. We found
that the C; defect formation energy is very high under these
four chemical potential conditions, and only when the Fermi
level is close to VBM (only under G and H chemical potential
conditions), it is stable as Ci2+. When the C atom occupies
the cation site, its formation energy is also high. As shallow
donor defects, Cg, and Cp exist stably in the +1 state only
at E, F points with the low Fermi level, while at any other
Fermi level they are not easy to occur. In addition, for the Cy
defect with the lowest formation energy, it is the most stable
structure when the Fermi level is greater than 1.86, 1.94, 0.87,
and 0.75 eV, respectively, in E, F, G, and H points. There-
fore, we predict that the C defect will occupy the N position in
the n-type Alp33Gag¢7N. The +/0 and 0/— transition levels
are located at 0.62 eV and 1.11 eV above VBM, respectively,
which is basically consistent with the defect behavior of Cy
defect in GaN and AIN.['%"18] OQur subsequent research will
focus on the photoelectric properties related to Cy defects in
Al Ga;_xN alloys.
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X (a) Point-E

(b) Point-F'
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G

Formation energy (eV)

ol (c) Point-G ol (d) Point-H ~

Fermi level (eV)
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Fig. 2. Formation energies of Cpj, Cga, Cn substitutional, and C; interstitial defects in Al 33Gag 67N at different charge states versus Fermi
level. The chemical potential environment at point (a) E, (b) F, (c) G, and (d) H.

3.2. CN defect nearest neighbor cation arrangement in

Al Ga;_, N alloy

In order to investigate the properties of Cyn defects,
we simulated Al,Ga;_,N alloys with three different Al con-
tents (x = 0.33, 0.50, and 0.61) using 128-atom supercells.
Since the atom probe tomography found that the cations in
most ternary nitride alloys were randomly distributed in the
system, **! for 0.33, 0.50, and 0.61 Al contents, we randomly
replaced 21, 32, and 39 Al atoms at Ga sites, respectively.
Considering the polar anisotropy along the [0001] crystallo-
graphic orientation and the arrangement of the nearest neigh-
bor atoms around the Cy defect, we constructed 8 possible
Cn defect configurations for each Al content, as shown in
Fig. 3(a).

[+] 52F A
@ 12f Alg33Gag /N ) ® ® Alg3GageN 7
—o— Al 50Gag.soN 50 AlgsoGapsoN p
_ LOF —— Aly61Gag 30N > AA10.61G30.39N/‘( B
= 2 43 R
< 0.8F 1 & ' e
%006 g 46 A
- g 44
£ 04f © 1% £ .
& E 42
5 4. ’
0.2} £ ‘&
4.0
OF . 4. b
38 0 1 2 3 4

Neighbor atomic structure Number of Al neighbors

Fig. 3. (a) Total energies of the 8 possible Cy variants relative to the lowest
energy configuration and (b) the formation energy of 5 possible defect con-
figurations as a function of the number of Al neighbors (n =0, 1, 2, 3, 4) in
Al,Gaj_4N (x = 0.33, 0.50, 0.61). The illustrations correspond to the con-
figurations of the nearest neighbor atoms, where the blue, green, and brown
spheres represent Al, Ga, and C atoms, respectively.

We first conducted energetic stability analysis of eight
defect configurations across varying Al compositions, as il-
lustrated in Fig. 3(a). The Cy defect configuration with zero
Al nearest neighbors (Ga-exclusive coordination environment)
was selected as the reference system. When the number of Al
neighbors (n) is the same, whether the Al atom is located in the
polar direction has little effect on the total energies (less than
0.02 eV). The total energies of the systems increase with the
number of Al neighbors. In addition, the total energy of the
Cn defect system increases by 0.22 eV-0.36 eV for each ad-
ditional neighbor Al atom. We changed the distribution of the

next nearest neighbor atoms around the defects for any Cy de-
fect configuration and found that the total energy of the system
is almost unaffected, which further validates the rationality of
our classification of the Cy defect configuration by the number
of Al neighbors. Figure 3(b) shows the variation of defect for-
mation energy with the number of Al neighbors (n =0, 1, 2, 3,
4)in Al,Ga;_,N (x =0.33, 0.50, 0.61). It is found that the for-
mation energy increases almost linearly with n, which proves
that in Al,Ga;_,N alloy, the formation energy is closely re-
lated to the number of Al atoms in the nearest neighbors of the
defect,3"] and the formation energy of each configuration of
each Al content differs by 1.12 eV-1.22 eV. Therefore, in the
actual growth process of AlGaN alloy, these defect configura-
tions may be formed.

3.3. Thermodynamic transition levels

The charge-state transition level between two charge
states of a defect is given by the Fermi level position. The
transition point between two charge states is found where the
formation energies are equal. In the case of Cy;, the transition
level (4/0) is calculated as

€ (+/0) = AH; (Cf) — AH; (C}) — Evem. )

The sensitivity of the transition level to the nearest neigh-
bor cation distribution in the alloy was studied by the above
equation. As shown in Figs. 4(a)-4(c), we calculated the po-
sitions of the defect transition levels (red data in the figure)
relative to VBM for 8 different Cy configurations, where the
blue data represent their average values. For Al,Ga;_,N alloys
with compositions x = 0.33, 0.50, and 0.61, the corresponding
bandgap values measure 4.25 eV, 4.60 eV, and 4.93 eV, re-
spectively. The energy differences among Cy transition levels
across the eight configurations range from 0.10 eV to 0.18 eV.
Figure 4(d) shows the variation trend of Al,Ga;_,N band edge
and the average Cy transition level with Al content. It is con-
cluded that the CBM increases faster than VBM with Al con-
tent, the average transition levels of Cy (4/0) and Cy (0/—)

087701-4
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shift slightly upward relative to VBM (consistent with other
theoretical results38)), and the band gap of the alloy increases
from 3.52 eV (x = 0) to 6.03 eV (x = 1). The positions of

1.6

these defect transition levels in the band gap will determine
the photoluminescence energy involved in the defect and the

non-radiative recombination rate of carriers.

7.0+ 4
15| @ AlosGageN (b) Alg.s0GagsoN (c) Alps1GapzN ] 650 @ s
14+ —_ 6.0F e ]
13 = 55p CBM - ™ 1
_ 50F L’ i
_ 121 S _ 45t " ]
S Lip f— = 1 %2 40F - 1
\c;ﬂ 1.0 —_— ] % 3.5w7 1
E 09+ - — E 3.0+ 3
S oel — 1 #=ast N (O~
— 20f a7 ]
07k - L
I 1.5F PR & 4
06 —— = . 1oL = a- MO (0, - -#
o5k — 1 0.5‘?-"’_,—“" VBM
04 05— (;IZ 0‘4 0‘6 0‘8 1.0
(+/0) (0/=) (+/0) (0/=) (+/0) (0/-) “ Alcontent

Fig. 4. Transition levels of Cy in (a) Alp33Gag 7N, (b) Alys5GagsN, (c) Algg1Gag 39N for the 8 distinct atomic configurations (red lines),
and the blue lines are the average values; (d) the position of the Al,Ga;_,N band edge and the average transition level as a function of the Al

content.

3.4. Optical transition of Cy defect

As shown in Fig. 5(a), we use a dimensional configura-
tion-coordinate diagram to illustrate the Cy defect-related op-
tical transition process in AlGaN alloys, where the horizontal
axis is the configuration-coordinate and the vertical axis is the
total energy of the defect system. PA is an excited electron
process from ground state to excited state (C% — C§ +e”
and Cyy — CY + e7), and PL is a de-excited process from ex-
cited state to ground state (Cy; + e~ — CY and CY + e~ —
C\)- Based on first-principles, we calculated the PA and PL
energies related to various Cy defect configurations in the al-
loy phase of different Al contents. Since the position of the
defect transition level determines its optical transition energy,
the transition level of the same content under different con-
figurations ranges from 0.10 eV to 0.18 eV. As a result, the
corresponding PA and PL energies fluctuate around 0.15 eV.
Considering that the effect of Al content on optical transition
energy is much greater than that of different configurations, we
calculated the PA and PL energies associated with Cyn defect
as a function of the Al content in n = 2 defect configurations,
as shown in Fig. 5(b). With the increase of Al contents in
the alloy, the energy differences of Cx (0/+) and Cx (—/0)
transition levels relative to CBM/VBM increase significantly,
resulting in a blue shift trend in both PA and PL energies, with
the energies changing linearly within the range of 1.51 eV to
2.07 eV. The PL peak of Cy (0/+) extends from 2.62 eV
to 4.2 eV, while the PA energy covers a band ranging from
3.32 eV to 5.39 eV. Additionally, the PL energy of Cn (—/0)
ranges from 2.16 eV to 3.67 eV, and the PA energy spans from
3.01 eV to 4.89 eV. This trend is highly consistent with the ex-
perimental data obtained through absorption spectroscopy and
photoluminescence spectroscopy in references?%38421 in C-
doped Al,Ga;_,N alloys. Specifically, within the composition

range of x = 0 to 0.6, the deviation between the calculated and
measured values is less than 3%. In conclusion, Al content
can effectively regulate the wavelength range of Cy defects
luminescence and absorption.

(a) (b) 5.5F +g%é8;+3 ]
_ —A— +
Cx(CR)+e+h !
b C(C)+e+h  5.0F *g/ﬁé_;gg
? 45 Exp.
z

Energy
Energy (eV)
=
=)

3.5F

CN(CR 3.0
2.5F 4

0 0.204 06 0.8 1.0

Configurational coordinate Al content

Fig. 5. (a) Configuration-coordinate diagram shows a series of optical tran-
sition processes for Cn defects in AlGaN alloys, and (b) the calculated PA
and PL at the Cy (0/4) and Cn (—/0) transition levels as a function of the Al

content. The stars ¥ are the PL experimental data[2038-42] of Cy defect in
AlGaN.

3.5. Non-radiative carrier recombination

In semiconductor optoelectronic devices, the recombina-
tion process of photogenerated carriers is the key physical
process that determines the efficiency of the device. The in-
ternal quantum efficiency (IQE) can be expressed as IQE =
R:/(R:+ Ry), where R; is the radiative recombination rate,
which is the process where electrons directly jump from the
conduction band to the valence band and combine with holes,
releasing energy in the form of emitted photons, which is
an ideal energy conversion pathway; Ry, is the non-radiative
recombination (non-RR) rate, which is the process where
electron—hole pairs dissipate energy by emitting phonons or
through the transfer of carrier kinetic energy during recombi-
nation, rather than emitting photons. This recombination pro-
cess is typically described by the Shockley—Read—Hall (SRH)
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model.[*3*# It is the main cause of device performance degra-
dation and efficiency loss. Understanding and suppressing
non-radiative recombination is a core issue for enhancing the
performance of almost all photovoltaic devices.

The Cy deep acceptor center can capture holes from the
valence band in the form of non-radiative recombination, and

the rate is given by the following formula:

%i(a| 22| 0)vi i) /|
Ry = %(%)1/2 [kTZl ‘ ’9&‘ w,zl 1
X exp [— (AE—A)2/4M<T] , (10)

where a and b represent the initial and final electronic states.
In our work, the initial state represents the defect level, and
the final state represents the VBM. In our calculations, the
VBM of undoped bulk GaN is doubly degenerate (as shown in
Fig. S3), consistent with the degenerate heavy-hole and light-
hole levels reported in Ref. [45]. The introduction of Cy de-
fects will cause the previously doubly degenerate VBM energy
levels to split (as shown in Fig. S3). For non-radiative capture
calculations, the de-degenerated VBM is selected as the final
state. V(i) is the normalized phonon mode [ vector with atom
index i, @y is the phonon frequency, m; is the nuclear mass,
AE = E, — E,, that E, and E}, are the initial and final state en-
ergies, and reorganization energy A is the atomic relaxation
energy after electron state transition.

Then we use the combined dynamic matrix (CDM)
method to calculate phonon patterns and density of states
(DOS) at different Al contents. The result is shown in Fig. 6,
where the black dashed line represents the DOS with perfect
Al:Ga;_,N bulk. In AlGaN alloys, the phonon frequency can
be described by the following formula

oo \/k/u, (1D

where k is the force constant of the bond and u is the re-
duced mass. Since the mass of an Al atom is smaller than that
of a Ga atom, leading to a shift of the phonon frequency to-
ward higher frequencies as the Al composition increases. This
shift has a significant impact on the subsequent carrier cap-
ture cross-section. The capture coefficient can be calculated
by C, = Ry -V (V is volume of the supercell).[*®! For the
hole capture cross-section, the formula is 6, = C,, /v, the av-
erage heat rate of hole is v, = (3kgT /mj)'/2, and the average
hole effective mass m, in Al,Ga;_,N varies linearly between
1.5 mo (x = 0) and 5.4 mg (x = 1),*7*8] and when Al content
x=0.33,0.50, 0.61, my,, is taken as 2.7 my, 3.3 mo, and 3.8 myg
in this work, respectively.

When the defect center is charged, the Coulomb interac-
tion between the carriers and the defect center significantly
affects the capture rate. For the capture of holes by the neg-
atively charged Cy defects in this study, the enhancement ef-
fect of the capture rate due to the Coulomb attractive potential

must be considered. This effect is quantitatively corrected by

the Sommerfeld factor for Coulomb corrections!*%)
1/2
[%] , Z <0,

s(T) =

S 5l

[LTQ.J}Z/S exp <—3 [@] 1/3), Z>0, (2

where the characteristic temperature
6, = m*e* /[32kg (&:€0)” ]

is determined by the basic physical parameters of the mate-
rial, m* is the carrier effective mass, &; is the relative dielec-
tric constant of the material, which is approximately 8.9 in
Al,Ga; ,N,3%36] and Z is the charge of the Coulomb center
(in units of the elementary charge ¢). We obtained the s(7T')
of the Al,Ga;_,N alloy with x being 0.3, 0.5, and 0.61 were
30.01, 33.18, and 35.60 at 300 K, respectively (as shown in
Fig. S4). And we reformulate the formula for non-radiative
recombination rate as C = s(T') -C, where C is the capture co-

efficient calculated in a neutral defect-containing supercell.

(a) GaN Ay
Il\ - - 1 \\ A\
W I \ [\
L’/ 1 \/J 3 1 i IL ~I N
72} P
3 | (b) Alp33Gage7N Sa o
= I~ I (TN
7] / ~ 1 oS
- . SN
S o ] NASGAE " N
2| (©) AlgsoGagsoN h
17 2NN
g G -~ I Vi
< =7 T N RS
= \
S | (@) AlpsiGap x9N N,
=] - I (VAN
= TN s VA
~ > A W " D
(e) AIN
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Phonon frequency (cm™)

Fig. 6. Phonon density of states for Cny defect in (a) GaN, (b)
Al 33Gag ¢7N, (c) AlgsGagsN, (d) Alge1Gap39N, and (e) AIN. The
black dashed line indicates Al,Ga;_,N phonon DOS without defects in
the corresponding Al content.

As quantitatively demonstrated in Fig. 7, the hole capture
cross-sections of Cy (0/+) and Cy (—/0) exhibit remarkable
configuration-dependent variations at 300 K, with double ar-
rows indicating the transition energy ranges for different local
environments at fixed Al compositions. In both Figs. 7(a) and
7(b), the capture cross-sections of all three Al,Ga;_,N com-
positions exhibit a decreasing trend with increasing transition
energy. Specifically, Fig. 7(a) (for 0/+ transition) shows the
ordinate spanning 10~'% cm? to 10~!2 cm? as the abscissa rises
from 0.5 eV to 0.9 eV, while Fig. 7(b) (for 0/— transition) has
the ordinate ranging from 10720 cm? to 10713 cm? with the
abscissa increasing from 0.8 eV to 1.4 eV. Our analysis of the
non-RR coefficient in Eq. (10) reveals a critical insight: while

the reorganization energy A remains configuration-insensitive,

087701-6


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae156a
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae156a
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae156a

Chin. Phys. B 35, 087701 (2026)

the transition energy AE dominates the o}, variations — estab-
lishing AE as the primary tuning knob for carrier capture pro-
cesses (see Table 2 for complete parameter ranges). Specif-
ically, a 0.1-eV fluctuation in the defect transition energy in-
duced by configuration leads to an order-of-magnitude varia-
tion in the carrier capture cross-section. This work advances
beyond conventional defect studies by elucidating three funda-
mental principles for ternary alloys: (i) Configuration effects
follow quantifiable scaling laws. (ii) Al content increase uni-
versally suppresses capture cross-sections of Cy defect cen-
ter. (iii) The AE—o,, correlation holds across different charge
states. Although Cy defects in AlGaN are always detrimen-
tal, under high Al conditions, their ability to capture carriers
has weakened. In areas where Cy defects are inevitable, we
can adopt some strategies to increase the Al content as much
as possible to mitigate their negative effects, or through band
engineering, confine the carriers to high-quality, low-defect re-
gions, so that they have no chance to come into contact with
any type of recombination center, thereby reducing the light
energy loss caused by non-radiative recombination and im-
proving the luminous efficiency. Notably, our findings contrast
with traditional binary semiconductors where defect proper-
ties are typically composition-independent. The dual control
mechanism (configuration tuning plus cationic content adjust-
ment) demonstrated here provides a blueprint for defect engi-
neering in emerging quaternary alloys like AlInGaN. For de-
vice applications, these principles enable precise customiza-
tion of carrier lifetimes — particularly valuable for UV pho-
todetectors requiring controlled recombination kinetics. Fu-

ture studies could extend this framework to other defect types,
potentially establishing a unified theory for defect behavior in

compositionally complex semiconductors.

Cn (07
—0— Al 33Gag 7N
—0— Aly50Gag 5N

2 Al 61Gag 390N

10*“’{,

10—11 ;,

10—]2

Capture cross-sections (cm?)
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Transition energies (eV)
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Fig. 7. Transition energies-dependent hole capture cross-section of (a)
Cy (0/4) and (b) Cx (—/0) transition levels in Al,Ga;_ N (x = 0.33,
0.50, 0.61) at 300 K. The solid data points represent the hole capture
cross-sections corresponding to the transition level variation range.

Table 2. Transition energy AE, non-radiative recombination rate R, coefficient C, and hole capture cross-section o;, corresponding to the

0/+ and — /0 transition levels of Cy defect in Al,Gaj_,N.

Level x AE (eV) Rap, 571 Cp (em?s71) op (cm?)

0/+ 0.33 0.52-0.62 3.78x10'7—8.34x10'° 4.98x1074-1.10x 1074 7.99x10711-1.76x 10~
0.50 0.56-0.69 4.41x10'7-7.80x10'° 5.81x1074-1.03x10~* 9.32x10711-1.65x 107!
0.61 0.76-0.88 4.88x10'9-4.27x 10" 6.41x1075-5.62x107°® 1.03x107'1-9.00x 10~ 2

—-/0 0.33 0.95-1.13 2.00x1015-1.74x10"3 2.64x107°-2.29x 1078 4.24x10713-3,67x1071
0.50 1.05-1.21 4.98x101%-6.44x10'2 6.54x1077-8.49x107° 1.05x10713-1.36x 1013
0.61 1.25-1.39 7.26x10'2-7.33%10'0 9.58x1079-9.75x 10~ 1.53%107-1.56x10~"7

4. Conclusion

In summary, our first-principles calculations with the
HSEO06 hybrid functional reveal unprecedented configuration-
dependent characteristics of Cy defects in wurtzite Al,Ga;_ N
alloys. The defect formation energy exhibits remarkable sen-
sitivity to local cation environments, following an almost per-
fect linear scaling with Al neighbor count (n = 0-4). Notably,
the energy difference between extreme configurations (n = 0
versus n = 4) reaches 1.12 eV-1.22 eV, explaining the coex-
istence of multiple defect states in as-grown alloys. More im-
portantly, we discover a unified linear scaling law governing
three key optoelectronic parameters: (i) defect transition lev-

els, (ii) PA/PL energies, and (iii) non-radiative recombination
rates, all precisely tunable via Al content modulation. This
quantitative framework establishes Al,Ga;_,N as a model sys-
tem for defect engineering, where simple composition con-
trol enables predictable adjustment of emission spectra and
carrier dynamics—a breakthrough for developing wavelength-
programmable UV optoelectronic devices.
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