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ABSTRACT: Insightful understanding of defect properties and prevention of
defect damage are among the biggest issues in the development of
photoelectronic devices based on wide-gap IlI-nitride semiconductors. Here,
we have investigated the vacancy-induced carrier nonradiative dynamics in
wide-gap III-nitrides (GaN, AIN, and Al,Ga;_,N) by ab initio molecular
dynamics and nonadiabatic (NA) quantum dynamics simulations since the
considerable defect density in epitaxy samples. E-h recombination is hardly
affected by V4, which created shallow states near the VBM. Our findings
demonstrate that V in AIN creates defect-assisted nonradiative recombination
centers and shortens the recombination time (7) as in the Shockley-Read-Hall
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(SRH) model. In GaN, Vy improves the NA coupling between the CBM and

the VBM. Additionally, increasing x in the AlL.Ga, N alloys accelerates nonradiative recombination, which may be an important
issue in further improving the IQE of high Al-content Al ,Ga; N alloys. These findings have significant implications for the
improvement of wide-gap Ill-nitrides-based photoelectronic devices.

he wide-gap Il-nitrides (AIN and GaN) as a new
generation of semiconductors are promising materials for
high-power,1 power-switching,2 and photoelectronic3 devices
owing to their outstanding characteristics, namely their wide
bandgap, high breakdown field,”* high saturation velocity,” and
excellent chemical and thermal stability.” Due to the lack of
natural substrates, the high-density defects, including point
defects and dislocations, introduced during material growth
hinder the efficiency and reliability of devices.”” These defects
lead to complaints as the nonradiative recombination'’™"* and
current leakage centers,"”'* which reduce the gain and increase
the noise in particular photoelectronic devices.'”'>"® This
problem is more serious in high Al content Al Ga, N alloys.
Because the density of defects magnifies as Al content
increases, this results in the reduction of the internal quantum
efficiency (IQE)'®'® and further reduction of the external
quantum efficiency (EQE).">'*'”~! For instance, Lu J et al."®
reported that upon comparing different samples, the peak IQE
reduced from 73% to 56% as the Al content increased from
22% to 54%. Therefore, it becomes critical to understand the
underlying mechanism and then minimize the impact of
defects detrimental to the performance of the relative devices.
Many efforts have been donated to study the disloca-
tion””~>* and have demonstrated that they are nonradiative
recombination centers and thus poisoned the luminescence
efficiency.'””"* With the great improvements that have been
achieved in the preparation technique, the dislocation density
can be reduced to 10" cm™2 or lower in GaN epilayer,”**°
which has less impact on the efficiency. The experimental
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understanding and identification of point defects remain
controversial despite considerable progress in GaN-based
photoelectronic devices over the last few decades. However,
it is also unignorable. First-principles calculations have been
successful in the research of point defect properties in GaN-
based semiconductors. Previous reports indicated that
vacancies are the most relevant defects due to their high
densities in samples.27_30 Nitrogen vacancies (Vy) showed
lower formation energy than other point defects in GaN>"**
but sharply decline as Al content increased.”” The yellow band
in GaN was attributed to the gallium vacancies (Vg,).”*
Aluminum vacancies (V) also cause defect luminescence.’
Most studies mainly focused on the ground state of III-
nitrides.”>™** The characteristics of defects in excited states,
particularly point defects involvement in the photon-to-
electron power conversion, still need to be better understood.

Herein, we investigate the nonradiative recombination
processes due to native point defects in GaN and AIN using
state-of-the-art ab initio nonadiabatic molecular dynamics
(NAMD) combined with real-time time-dependent density
functional theory. Whether the defects introduce shallow or
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Figure 1. Atom-projected DOS for different defective and pristine GaN and AIN. (a—f) Pristine and defective GaN and AIN. The Fermi levels are

set to zero and marked by dashed gray lines.
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Figure 2. Time evolution of the average electron energy for pristine and defective GaN and AIN systems, with the colored bar indicating the

electron population. The recombination time () was marked.

deep trap states inside the fundamental band gap, the charge
recombination in defective GaN is significantly slower than
that in defective AIN. The properties of cation vacancies
(Veation) in AIN and GaN are fully occupied defects and have
little effect on carrier recombination. However, the Vi
accelerates the nonradiative recombination in both GaN and
AIN. There is a vast difference in that the defect state of Vy in
GaN does not locate in the bandgap while the defect state of
Vy in AIN forms defect-assisted nonradiative-recombination
centers. Different mechanisms for the acceleration of non-
radiative recombination are revealed. It may explain why GaN
usually exhibits better IQE than AIN and Al,Ga,;_,N alloys.ls’m
Meanwhile, we investigate the impact of charge states and Al
contents on carrier nonradiative recombination. We believe
that our results are valuable for further improving the efficiency
of photoelectronic devices based on wide-gap IIl-nitrides.
Methods. The geometry optimization, electronic structure,
and adiabatic molecular dynamics trajectories are performed
using the Vienna Ab initio Simulation Package (VASP).*® The
projector augmented wave (PAW)?” method is employed to
describe electron—ion interaction, and the Perdew—Burke—
Ernzerhof (PBE) functional under the generalized gradient
approximation (GGA).** The NAMD simulations are carried
out by the Hefei-NAMD code,” employing the classical path
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approximation within the TDKS.** This method has been
proven to be reliable in a variety of materials." ~*’ The ion
cores are treated classically due to their heavier and slower
nature than electrons, while the electrons are described
quantum mechanically with real-time time-dependent density
functional theory.***” The nonadiabatic couplings (NACs) are
calculated using the CA-NAC package.’”~>* More details can
be seen in the Supporting Information.

The density of states (DOS) for vacancies in GaN and AIN
is shown in Figure 1, and the results for pristine GaN and AIN
are also provided. As reported, the valence band maximum
(VBM) and conduction band minimum (CBM) are con-
tributed by the p-orbital and s-orbital of N atoms for both GaN
and AIN.>*** The distinction between GaN and AIN near the
CBM can be observed, where is a quasi-bandgap (named Eg2
by Chris G. van der Walle et al.>°) in GaN, but disappeared in
AN, as shown in Figures 1a and d. We considered both cation
(Ga or Al) and anion (N) vacancies. The cation vacancy
introduces a shallow 4-fold-degenerate defect state near the
VBM, thus exhibiting acceptor-type properties in both GaN
and AIN, as shown in Figures 1b and e. The cases for N
vacancies are different. The dangling cations induce one
occupied defective state and three unoccupied defective states
located near the VBM and CBM, respectively (Figure 1lc),
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Table 1. Electron-Hole Recombination Time Obtained by Fitting: Canonically Averaged Absolute Values of NAC between

Pairs of the VBM and CBM for Different Systems

GaN AIN
pristine Ve Vy pristine Va Vy
Recombination time (ps) 108.64 89.56 19.53 26.56 29.37 11.74
NACygy.cpm (meV) 0.18 0.23 0.76 0.30 0.28 1.27

Vcation

Figure 3. Spatial distribution of wave functions for (a, e) VBM, (d, h) CBM, and defect states of (b, c¢) GaN and (£, g) AIN. The isosurface is set to

1.5 X 1073 /A3,

indicating the inequivalence of the four dangling bonds. It is
noteworthy that the defect states inside the Eg2 form deep
states in AIN but shallow ones in GaN. Upon heating to 300 K,
time-dependent energy evolution of the VBM, the CBM, and
the defect states for GaN and AIN can be seen in Figure S2.

Figure 2 depicts the time-dependent e-h recombination
process of the electron. More details can be found in Figure S3.
The recombination time (7) for the CBM population decay
was obtained by fitting the decay curve to the exponential
function exp(—t/zr) with a first-order linear expansion as
previously reported.”>*® The recombination time in pristine
GaN, which is 108.63 ps (Figure 2a), is considerably slower
than that in pristine AIN, which is 26.56 ps (Figure 2d) . The
Viion has little influence on the recombination process,
causing Vg, to slightly accelerate to 89.56 ps (Figure 2b) and
V, to somewhat slow down to 29.37 ps (Figure 2e). The Vi
considerably speeds up the recombination in both GaN and
AIN via different mechanisms. In the GaN, the defect states are
in the Eg2 above the CBM. The acceleration is attributed to
the enhanced el-ph coupling between defects, CBM, and VBM.
In the AIN, deep defect states located inside the bandgap
formed a nonradiative recombination center and trapped the
hot electrons (the yellow state in Figure 2f) which is consistent
with the SRH mechanism.

We can also understand these results by calculating the
nonadiabatic coupling (NAC) between the donor and acceptor
states. Generally, a stronger NAC leads to faster e-h
recombination. We list the NAC between the VBM and
CBM (NACygp.cpm) in Table 1 to quantify the coupling
strength of the system. As references, the NACy gy cpy are 0.18
and 0.30 meV for pristine GaN and AIN, respectively. The
Vation has little impact on NACygyr.cpmy 0.23 meV for Vg, and
0.28 meV for V. As a result, the 7 of V_,, is comparable to
that of pristine materials. On the other hand, the NACygy.cam
of Vy is 0.76 meV in GaN and 1.27 meV in AN, which is
almost four times longer than those in pristine materials. The
strengthened el-ph coupling induced by Vy shortens 7 sharply.
However, the mechanisms are different for GaN and AIN. The
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NACs between defect states, the VBM, and the CBM are
shown in Figure S4. In contrast to AIN (Figures S4c,d), GaN
exhibits significant NACs between the CBM and Vy states
(VBM+3 and VBM+4). As a result, the Vy states facilitate
defect-assisted nonradiative-recombination centers in AIN but
just improve the el-ph coupling in GaN. We calculated the e-h
recombination of pristine GaN, V,, and Vy, (GaN) at different
temperatures (200, 300, and 400 K) as shown in Figure SS,
with the increase of temperature, the adiabatic coupling is
enhanced, and the e-h recombination becomes faster.

The overlap between the related wave functions also serves
to justify the strength of the NAC between the defect states
and the frontier orbitals. We extract a structure from the MD
trajectory and plot the spatial distribution of wave functions
lpl” for the frontier and defect orbitals in Figure 3, consistent
with the DOS in Figure 1. For the pristine systems, in
agreement with previous investigations,”” the VBM and CBM
are distributed mainly on the N-2p (Figures 3a and e) and N-
2s (Figures 3d and h) orbitals, respectively. The wave functions
of Vg, and V) strongly overlap with VBM (Figures 3b and f),
indicating the strong coupling between them. However, the
overlap between V_ ., and CBM is quite weak, so the V.,
exhibits little impact on electron dynamics for both GaN and
AIN. The wave function of Vy considerably overlaps with
CBM in GaN (Figure 3c), but not in AIN (Figure 3g),
indicating that the Vy induces stronger el-ph coupling in GaN
than that in AIN. This is the reason that the Vi shows larger
NACs between defect states and CBM in GaN. Again, it
confirmed that the acceleration of e-h nonradiative recombi-
nation is induced by stronger el-ph coupling in GaN and by
supporting defect-assisted nonradiative recombination centers.

To comprehend the mechanism of charge carrier dynamics
influenced by defects, we calculated Fourier transforms (FTs)
of the energy fluctuations. Here, the vibrational modes that
cause energy loss as heat and improve nonradiative charge
carrier recombination were discovered by learning the phonon
modes directly participating in the dynamic process from the
FTs spectra. We presented the spectra of FTs in pristine and
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Figure 4. Fourier transform (FT) spectra of the phonon-induced fluctuations of the VBM, CBM, and defect energy levels in the GaN and AIN
systems for (a) pristine GaN, (b) pristine AN, (c) Vg, (d) Vy, (e) Vy in GaN, and (f) Vy in AIN.

Table 2. Electron-Hole Recombination Time Obtained by Fitting: Canonically Averaged Absolute Values of NAC between the
VBM and CBM for Different Charge Defects

GaN AIN
Vaa Vi i S i Vi
Recombination time (ps) 77.20 11.45 16.46 25.27 12.79 11.03
NACyg.cm (meV) 0.28 0.87 0.79 0.31 1.24 1.31

defective systems in Figure 4. For pristine GaN, the e-h as shown in Figure S6e,f and Table 2. For the GaN, the defect

recombination was driven by the 555.94 cm™" phonon mode states of Vi located in the Eg2 shift toward the CBM by
(Figure 4a), which corresponds to the E,(TO) mode.”® As for comparing with that of neutral states and almost overlap with
the defective states, the symmetry is broken. Such perturbation the CBM, resulting in the 7 considerably reduced due to the
(or phonon scattering) can introduce many more new phonon enhanced coupling between defect states and CBM, as shown
modes. Compared with the pristine GaN, the contribution of in Table 2. As increasing positive charge to +3, the defect states
defects in Vg, is mainly located in 364.61 cm™, 378.04 cm™, keep shifting into the bandgap and forming the shallow defect
and 694.76 cm™', and the occurrence of high-frequency states below CBM by ~1.3 eV, as shown in Figure S6c. The
vibration mode means that the core velocity is higher (Figures results of the NAC calculation in charge systems with in Figure
4a and b). Since these higher-frequency phonon modes are S8 and FTs spectra in Figure S9 support the change of
associated with the large nuclear velocities, and the resulting evolution speed, and the value is Vi > V§ > V}. In Figure Sa,
NAC is big, as follows from eq 1 in the SI. The same trend was there are two stages in the evolution process for the V{7 both
also observed in AIN. For the Vy systems, the defect states of in GaN and AIN. First, the excited electrons on the CBM are
Vy couples with the lower phonons at 0—400 cm™ and a rapidly trapped by the shallow defect states and then slowly
common peak at 200.14 cm™' in GaN (Figure 4c), but with relax toward the VBM. As for Vi, the defect state has a smaller
higher phonons at 533.71 and 711.60 cm™" in AIN (Figure 4f) probability of being occupied by electron but greatly
than those in pristine systems. In general, the above analysis contributes to the nonradiative recombination rate. We also
indicates that defects contributed prominently to el-ph calculated Vy' in AIN since the stability was confirmed
coupling. previously. The properties are shown in Figure S10 and the
Besides the neutral state, the vacancies are always charged in evolution is not different from that of other Vy (AIN) systems.
GaN and AIN, as demonstrated by both theoretical and Because Vy in GaN is the most sensitive to charge states
experimental works.”*****7®" We also studied the effect of among all of the defective systems, it is feasible to reduce the
charged states on e-h recombination for vacancies. The stable nonradiative recombination by tuning the Fermi-level to obtain
charge states were adapted from previous reports.””’ the desirable charge states for Vy. Since the different charge
Considering the formation energy, the —3 charged state was states of Vy in AIN have little effect on the nonradiative
selected for cationic vacancies (Vo ,,), +1 and +3 charge states recombination, it may be useless in AIN.
for anionic vacancies (Vij and V). The Vo, was a fully Alloying is an effective route for engineering the photo-
occupied defect with a negative charge defect that repels electronic properties of Ill-nitrides and has achieved great
electrons, as is shown in Figure S6a,d. It has a negligible effect industrial success, such as In,Ga,_N and Al Ga,_N.'®%>%
on electron evolution, which in turn causes an insignificant Does the nonradiative recombination induced by vacancies
effect on e-h recombination, as depicted in Figure S7 and also have the potential to be tuned by alloying? To this end, we
Table 2. have studied the electronic nonradiative dynamics of Vy in

The charged Vyy demonstrated distinct characteristics in the Al Ga;_,N alloys with x of 0.25, 0.50, and 0.75 because the
AIN and GaN. In the AIN, the defect states go deeper but the 7 V ation Showed similar nonradiative behavior in GaN and AIN.
just changed little when the charge states increase from 0 to +3 The results are displayed in Figure 5S¢ and d. With increasing x
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Vi (GaN), V*(AIN). (b) Energy levels of CBM (red line), VBM
(blue line), and defect states (orange line) of the Vy systems in
different Al-content Al .Ga;_,N as 0, 0.25, 0.50, 0.75, and 1 for the
average configuration at 300 K. (c) The electron population of the
VBM in the e-h recombination dynamics process in the different Al-
content Vy systems. (d) e-h recombined percentage for different
systems of Vi and pristine after 10 ps. The by-defect e-h recombined
percentages are shown by green color bars.

in Al,Ga,;_,N alloys, the V) defect states gradually shifted from
Eg2 to the band gap, as is shown in Figure Sb. As a result, the
Vy strengthened the el-ph coupling for low Al content but
formed nonradiative recombination centers for high Al
content. The nonradiative recombination ratio increases within
10 ps indicating that the higher the Al content, the faster the
nonradiative recombination in Al,Ga,_,N alloys as shown in
Figure Sc and d. Consequently, the nonradiative recombina-
tion rate increased, and the internal quantum efficiency (IQE)
was hindered by the increasing Al content in Al,Ga, N alloys,
which was consistent with the previous reports.'”'”'7%*
Therefore, the different Vy-induced nonradiative dynamics
are also crucial issues for the further improvement of relevant
devices.

To summarize, using time-dependent ab initio NAMD
simulation, we have investigated the e-h nonradiative
recombination dynamics induced by vacancies in GaN and
AIN. The V_,, formed shallow states near the VBM and
hardly influenced the e-h recombination dynamics in both
GaN and AIN. On the contrary, the Vy in both GaN and AIN
considerably accelerates the e-h recombination by following
different mechanism. Our analyses showed that the Vy states
enhanced the el-ph coupling between the CBM, VBM and
defect states in GaN but supported defect-assisted nonradiative
recombination centers in AIN. The carrier nonradiative
recombination can also be affected by the defect charge states.
Furthermore, we find that the nonradiative recombination is
accelerated by increasing the Al content in the Al Ga, N
alloy, which may be an unignorable factor of further improving
the IQE of the high Al content Al,Ga,_,N alloy. These findings
have important implications for the design of GaN-based
optoelectronic conversion functional semiconductor materials.
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