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Point defects in wide bandgap IlI-nitride semiconductors have been recently reported to be one kind of
the most promising near-infrared (NIR) quantum emitters operating at room temperature (RT). But the
identification of the point defect species and the energy level structures as well as the transition dynamics
remain unclear. Here, the photophysical properties of single-photon emission from point defects in
AlGaN films are investigated in detail. According to the first-principles calculations, a three-level model
was established to explain the transition dynamics of the quantum emitters. An anti-site nitrogen vacancy
complex (VyNga) was demonstrated to be the most likely origin of the measured emitter since the calcu-
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lated zero-phonon line (ZPL) and the lifetime of VyNg, in the AlGaN film coincide well with the experi-
mental results. Our results provide new insights into the optical properties and energy level structures of
quantum emission from point defects in AlGaN films at RT and establish the foundation for future AlGaN-
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1. Introduction

III-Nitrides, consisting of AIN, GaN, InN and their alloys, are
the key materials of third-generation semiconductors and have
already been commercially used in blue and white light-emit-
ting diodes (LEDs) for many years. Compared with the pre-
vious generation semiconductors represented by GaAs, III-
nitrides have higher breakdown field strength, larger bandgap
and higher electron mobility, which are suitable for appli-
cations such as high frequency, high pressure, high power,
high temperature and intense irradiation."® Therefore, III-
nitrides play an important role in optoelectronic devices and
are the key materials for the development of microelectronics,
optoelectronics, power electronics, and so on.*™" In particular,
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based on-chip quantum technologies.

the tunable direct bandgap, polarization characteristics, bio-
compatibility and other superior optical and electronic pro-
perties of IlI-nitrides make them useful for photonic inte-
grated circuit platforms."”** In addition, isolated transition
metals (TMs) doped with AIN and GaN appear to represent
novel materials that show metamagnetism and possible photo-
induced spin crossovers.">"®

III-Nitrides do not exist in nature, and the invention of this
family of semiconductors to emit light in such a wide range of
important wavelengths is a major breakthrough in materials
science. The main growth methods for IlI-nitrides include
both metal organic chemical vapor deposition (MOCVD) and
molecular beam epitaxy (MBE), and point defects are the
cause of defect formation during the growth of AIN, GaN, InN
and their alloy films. Point defects in III-nitride semi-
conductors bind electrons to an exceedingly localized region
in the A scale and show abundant spin and optical properties
that can be exploited for the fabrication of quantum
devices."”" In addition, the large bandgap can suppress the
coupling between the bandgap level and the bulk state, which
meets the host material criteria for addressable quantum emit-
ters. Based on the first principles calculation of density func-
tional theory, it was found that only the electrically neutral
cation vacancies in the III-nitrides with wide bandgap satisfy a
unique Td symmetrical “5-electron-8-orbit” configuration suit-
able for achieving a fully spin-polarized single-photon emis-
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sion.>” Therefore, the electrically neutral cationic vacancies of
wide band IlI-nitrides are a promising quantum emitter in the
field of quantum information.

To date, numerous stable quantum emitters at RT in GaN
and AIN films have been reported.>*>° Single-photon emission
from point defects in GaN and AIN films exhibits narrow and
strong luminescence with the peak spectrum varying from the
visible region (543 nm) to the near-infrared (NIR) (1340 nm)
region.>**%?° The origin of the quantum emitters is investi-
gated by first-principles calculations, and some of the NIR
quantum emitters originate from the antisite nitrogen vacancy
complexes (N, Vn) and divacancy complexes (VaVy).>® As a
ternary compound semiconductor, AlGaN’s lattice constant
and bandgap are determined by the Al composition and obey
Vegard’s theorem.>® The lattice constant is between GaN and
AIN, and the bandgap increases with the increase in the Al
component and is continuously adjustable from 3.39 eV to 6.2
eV.*" Therefore, AlGaN can generate a wider variety of point
defects than binary compounds such as GaN and AN, thereby
rendering wide-bandgap IllI-nitrides with defect correlation as a
flexible and scalable material platform for quantum emitters.

Defect-related single-photon emission in AlGaN films has
been reported in our previous work.*> The quantum emitter of
a single defect in an AlGaN film is bright, linearly polarized
and can emit light from 720 nm to 930 nm in the near-infrared
spectral range at RT. These advantages make single-point
defects in AlGaN films attractive for a variety of applications,
especially, quantum information. However, much more work
needs to be done to improve the understanding of the photo-
physics of quantum emitters in AlGaN films. In particular,
before these emitters can be used to perform advanced
quantum optics experiments, it is important to understand
their transition dynamics and level structures at RT.

In this work, we speculated the photophysical properties of
stable quantum emission in AlGaN films at RT. The possible
point defect types and the transition dynamic behaviors were
calculated and analyzed using density functional theory (DFT).
The transition kinetics of the optically stable quantum emitter
from the defects in AlGaN films at RT was analyzed in detail
with a three-level model. Quantum emission and metastable
state shelving were observed from the power-dependent
measurements using a Hanbury Brown and Twiss (HBT) con-
figuration. We found that the anti-site nitrogen vacancy
complex (VyNg,) has several key physical properties matching
those of the experimentally observed quantum emitter. These
include the zero-phonon line, photoluminescence lifetime,
and photoluminescence spectrum. The identification of defect
candidates for VyNg, emission paves the way for controllable
quantum emission generation.

2. Results and discussion
2.1 Theoretical calculations

First-principles calculations were performed to theoretically
identify the types and the energy level structures of the point
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defects as well as the transition dynamics in AlGaN films. We
systematically calculated and analyzed several kinds of poss-
ible intrinsic defects in Al ,5Ga, 75N, including single-vacancy
(Vgay Vai, and Vy), interstitial atoms (Ga;, Nj, and Al), di-
vacancy (VnVn, VaVaas VnVa, and VaVga), anti-site complex
(GanNgGa, GapAlg,, and AlyN,), anti-site nitrogen vacancy
complex (VyNg, and VyNy ) and so on. Among these defects,
VxNga is found to be one of the most likely origins of the
measured emitter in AlGaN films. The host materials used in
the experiment are Aly,GaogN (400 nm)/Aly 3Ga,y ;N (400 nm),
and it has been demonstrated that a small difference in the
constituents of AlGaN has a limited impact on the ZPL and the
lifetime of point defects.?” Therefore, we used Al, ,5Ga, 55N for
the first-principles calculations for simplicity because it was
much easier to construct a stable supercell structure. The first-
principles calculations based on the DFT were performed
using the PWmat package.**** The atomic positions were opti-
mized using the Perdew-Burke-Ernzerhof (PBE) function and
the self-consistent field (SCF) calculations were performed
using the Heyd-Scuseria-Ernzerhof (HSE) hybrid function.
Fig. 1(a) presents the atomic structure of the VyNg, defect in
Al 25Gag 75N. The complex defect is built by putting an anti-
site nitrogen (Ng,) in a nitrogen vacancy’s (Vy) nearest neigh-
bor position.>® The bulk structure of Aly,5Ga, 5 is a typical
Wurtzite structure, which is built vie an improved cluster
expansion (CE) method to reduce errors.*® A supercell contain-
ing 3 x 3 x 2 primitive cells was used for defect calculations.
All calculations are spin-polarized, and the energy cutoff of the
SCFs is set to 50 Ry (Rydberg).

()#5;»#(@ &®

Energy (eV)

Fig. 1 (a) Atomic structure of the VyNg, defect in Alg25Gag7sN. The
red, green and blue balls represent the nitrogen, gallium and aluminum
atoms, respectively. (b) Defect-level diagrams of VyNg, in Alg 25Gag 75N.
The solid arrow represents the spin direction and the dotted arrow rep-
resents the transition in spin-up channel that exists from the e to az and
the transition in the spin-down channel exists from az to a, (or e and ay).
(c) The isosurface of the molecular orbital corresponding to the defect
level with a, (spin down). (d) The isosurface of the molecular orbital
corresponding to the defect level with e (spin down).

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2nr04978c

Published on 23 November 2022. Downloaded on 5/8/2024 11:17:32 AM.

Nanoscale

Fig. 1(b) shows the calculated Kohn-Sham single particle
defect level of the defect pair VyNg, at the ground state. The
defect brings in four different energy levels for both the spin-
up and spin-down electrons between the valence band
maximum (VBM) and the conduction band minimum (CBM),
ie. a;, ay, az and e. The spin-up and spin-down levels split
apart and the electron-occupied a, (spin down) and az (spin
up) levels are located at about 1 eV above the VBM, avoiding
interference from the optical transition introduced by the elec-
tronic states of the host material. This is an essential condition
for achieving quantum emission with point defects. The
ground state configuration is identified as a?aZa; according to
the Pauli exclusion principle and Hund’s rules. The a?a,a? and
a2ayasze are two electronic configurations that cause the elec-
tron transition in the spin-down channel (from a, to a;) and
the spin-up channel (from a; to e) respectively. The a?alas,
a2ayaz and a?a,aze are represented by state 1, state 2 and state
3 for the convenience of further discussion. To verify the
origin of the defect levels, we calculated the isosurface of the
defect levels in the state 1 spin-down channel. Fig. 1(b) and (c)
show the isosurface of the defect levels, corresponding to e
and a; in the defect-level diagrams as shown in Fig. 1(d). The
charge density of the molecular orbital shows the character-
istics of high localization. Most of the charge density for a; is
provided by the three nearest neighbors of Ng,, and in the
meantime, the Ng, provides most of the charge density for e.

Fig. 2(a) shows the schematic configuration coordinate dia-
grams of the defect-pair VyNg, in AlGaN which show the
defect-dependent photophysical processes. The calculated
results indicate that the lowest energy of metastable state 3 is
higher than that of ground state 1 and the bottom of excited
state 2 is the highest among the three. The calculated ZPL and
ZPL values corresponding to the energy of ZPL from meta-
stable state 3 and excited state 2 to ground state 1 are 1.04 eV
(1170 nm) and 1.46 eV (849 nm), respectively. The calculated
ZPL value and the experimental value of 1.41 eV (874 nm)®” are
in excellent agreement and the deviation is less than 0.05 eV.
This deviation may be attributed to the structural strains and
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the small component difference as well as the “unphysical”
spreading of the polarization charge and the presence of the
neutralizing background, and it would decrease as the size of
the supercell increases. The strain has been proved to have a
strong effect on ZPL wavelength. For example, the calculated
results show that the strain could modulate the ZPL emission
wavelength of point defects in GaN and AIN obviously (from
1.49 eV to 0.7 eV corresponding to 5% compressive strain) as
reported by ref. 22. The PA (photon absorption) is 1.90 eV,
which also matches the experimental energy of excitation light
of 1.87 eV (662 nm). Thus, we believe that the transition for
spin-down has a high probability of being the origin of the
measured single quantum emitter in the experiment.

To better understand the transition process between the
quantum states of the VyNg, in AlGaN film, the schematic of
the three-energy model and the intrinsic dynamics is given in
Fig. 2(b), in which r;; represents the transition rate from State i
to State j. If r; represents an energy-releasing process such as
T21, 131, and ra3, then it could be simply obtained by r; =
Wirad(@)y, which is the radioactive rate. Conversely, when r;; rep-
resents a process with absorption of energy such as ry,, 713,
and r,, then ry; is usually not a constant but varies according
to the formation of the excitation energy. For example, when
excited by a laser, r;, should relate to the laser power and the
photon energy. Considering the influence of the thermal acti-
vation energy and the detailed temperature dependence of the
photoluminescence (PL) balance,?® r,; and r3, can be obtained
by 1y = Wraa(w); % exp(—AE;/kT), where AE;; is the energy differ-
ence between state i and state j, k is the Boltzmann constant,
and T is the temperature. The radioactive rate Wyq(w); is gov-
erned by Fermi’s golden rule as

2

(Dsn ‘My

Wa(w),; = ———+ 1

raa(@)y 3meghc® @)
where 7 is the reduced Planck constant, o is the frequency of
the emitted photon, |u;]| is the transition dipole moment, n is
the refraction index, &, is the vacuum permittivity, and c is the

AE,; 0.42 eV

State 3
Iz

Fig. 2 (a) Configuration coordinate diagram of the transition process between e and az with spin-down. (b) Model of the intrinsic dynamics of
VNNga. Dashed lines represent low transition probability and solid lines represent high transition probability. The wave line represents structural

relaxation.
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speed of light in vacuum, respectively. Moreover, the radio-
active lifetime 7 is the inverse of Wy,q(@) by 7= 1/Wy,g.

The single photon emission property of the VyNg,, includ-
ing transition rate ry;, lifetime t and the ZPL are quantitatively
calculated and listed in Table 1. The ZPL lies within the
optimal range for low-loss fiber transmission. Moreover, the
calculated radiative lifetime 7 of VyNg, is comparable with that
of the SiV™ center in diamonds, which makes this type of
quantum emitter especially promising for applications in
quantum technology.

2.2 Experiments and discussion

The AlGaN film used in the experiment was prepared using
metal organic chemical vapor deposition (MOCVD), first
growing a 25 nm-thick AIN buffer layer film on 2-inch sapphire
substrates and then growing a 400 nm-thick Al,,Ga, gN layer
and a 400 nm-thick Al,;Ga, ;N layer film. A low temperature
AIN buffer and a low Al-content Al,,Ga,gN buffer are
employed to control and compensate for the growth stress and
suppression of crack formation during the subsequent growth
of high Al-content Al,;Ga,,N. Therefore, the two different
Al-content AlGaN films are actually used to obtain high

Table 1 Calculated results of the photophysical parameters of the
single emitter in the AlGaN film

Lifetime

AE Transition rates (r) (7)
Between state 2 1.46 eV 751 =0.2 ns* 5.00 ns
and state 1 (849 nm)
Between state 3 1.04 eV 31 =5.17x10"* ns™%, 1.93 x 10°
and state 1 (1170 nm) ri3=2.2x10""ns" ns
Between state 2 0.42 eV r3p K T3 —
and state 3 (2953 nm)

() (b)

10.7 nm

0 nm

Z (pm)
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Al-content AlGaN films with good crystalline quality. Fig. 3(a)
shows the surface morphology of the AlGaN film by atomic
force microscopy (AFM). The obtained AFM image shows that
the surface of the AlGaN film was homogeneous and flat,
revealing the high crystal quality of the AlGaN film.
Experiments were performed to verify the proposed theoretical
calculations, using a scanning confocal microscope with a
Hanbury Brown-Twiss (HBT) setup to study the fluorescence
characteristics of the point defects in the AlGaN film at RT.
A laser beam of 662 nm was focused on the AlGaN film by an
oil-immersion objective (100x, N.A. = 1.3, Olympus) to generate
the fluorescence from the single-point defects in the AlGaN
film. A more detailed description of the technique can be
found in our previous work in ref. 32. The quantum emitters
of point defects in the AlGaN film are randomly distributed in
the spectral range from 720 nm to 930 nm. Different emitters
of the point defects in the AlGaN film show different distinct
emission lines but the linewidths of all single emitters are less
than 10 nm. We estimated the depth of the point defects from
the surface of the AlGaN film according to the microscope
z-axis scan image.?” Fig. 3(b) shows a 10 x 10 pm® X-Z plane
fluorescence scan image containing the quantum emitters.
The z-axis indicates the scan depth. The surface of the AlGaN
film is calibrated as Z = 0 and the green dashed line indicates
the surface of the AlGaN film according to the excitation light
reflection distribution along the z-axis as shown in the inset of
Fig. 3(b). Below the green dotted line, there is the immersion
oil for the microscope objective above the surface of the AlIGaN
film. The fluorescence intensity inside the film is a little
higher than that outside due to the background noise from the
yellow luminescence (YL) inside the AlGaN film. It is generally
believed that the YL is caused by the transition from the con-
duction band or a shallow donor to the deep energy level and
should be related to structural defects.>* The z-axis in Fig. 3(b)

keps
58.00
2.5
44.50
0
31.00
A \ The emitter
Koo
-2.5 % | Surface
17.50
-5
4.000
0 5 10
X (pm)

Fig. 3 (a) A typical 2 x 2 pm? AFM image of the AlGaN film. (b) X—Z plane confocal fluorescence scanning image of quantum emitters in the AlGaN
film with a scanning range of 10 x 10 um?. The surface of the AlGaN film is calibrated as Z = 0 and the green dotted line represents the surface of
the AlGaN film. Inset: the AlGaN film surface reflection excitation light intensity and the PL intensity of a single quantum emitter along the Z-axis.
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corresponds to the absolute z-axis piezo position of the
scanner. The difference between the two curves shown in the
inset of Fig. 3(b) indicates the depth of the emitter. Therefore,
the AlGaN film surface and the quantum emitter are located at
2.66 pm and 3.11 pm, respectively. So the depth of the emitter
from the surface is about 450 nm. In addition, we also esti-
mated the depth of several other different point defects from
the surface of the AlGaN film. Most of the point defects are
randomly distributed about 400 nm below the sample surface
and near the interface of the Al,,GaygN layer and the
Al ;Gay 5N layer. As explained in the previous reports,*®*° the
point defects might reside inside or next to a stacking fault
and the density of the point defects is positively correlated
with the threading dislocations and stacking faults. Much
more threading dislocations and stacking faults usually appear
near the AlGaN/AlGaN interface, so it is reasonable that most
of the point defects were close to the AlGaN/AlGaN interface
but not inside the AlGaN film. However, further studies are
needed to draw such a conclusion. A systematic contrastive
study should be done if we can obtain single AlGaN films with
good crystalline quality.

To further clarify the consistency between the measured
quantum emitter in the experiment and VyNg,, a three-level
system composed of the ground state |1), the excited state |2)
and the metastable state |3) was modelled. These states are
coupled by the transition rate coefficient r'y, where r'; (with 7,
J =1, 2, and 3) indicates the transition rate from level |i) to
level [7).*° During photon absorption, the ground state |1) is
coupled with the excitation rate coefficient 'y, to the excited
state |2). In the case of a two-level transition, excited particles
returning from the excited state |2) to the ground state |1)
result in photon emission with a radiative decay coefficient
r51. In the three-level system, no photon emission occurs
when the excited particles go from the metastable state |3) to
the ground state |1) via a nonradiative decay coefficient r'3;.
The relaxation rate 7,5 is a nonradiative channel in which no
photon is emitted as long as the particle remains in a meta-
stable state. Therefore, optical transition systems involving at
least one metastable state should show power dependence.

In the previous work, the antibunching fit parameter 4, is
obtained,** and 1, = 'y, + '5;. By linearly fitting 1, as a func-
tion of the excitation power, we can get the values of r';, and
a3 P21 = 0.36 ns™', and 7 = 2.7 ns. On the long timescale (z >
30 ns), the g®(z) function was unperturbed by the bunching
associated with the photoluminescence of the single emitter.
The experimental data can be fit optimally according to*"**

gP(r) =1+ ae ", (2)

Ay =731 + 13012/ (P12 +7'21), (3)

where 1, is the bunching fit parameter. The value of g?(7) is
always larger than that on the long timescale, corresponding
to the bunching effect caused by leakage into the metastable
level of the three-level model. Fig. 4(a) shows the power-depen-
dent second-order autocorrelation functions for this emitter at
RT on a long timescale with different colors for different exci-
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tation powers. The red solid lines are fittings according to eqn
(2). The bunching fit parameter 1, is obtained by fitting g®()
on the long timescale at different excitation powers. In
addition, 4, as a function of the excitation power can be fitted
as shown in Fig. 4(b) according to eqn (3), which can be used
to represent the metastable behavior. We have /53 = 1.3 x 1073
ns " and r'3; = 2.19 x 10~ ns™". It is shown that the quantum
emitter associated with the point defect increases the popu-
lation of the metastable state (a non-radiative process) at a
high excitation power, corroborating the involvement of the
metastable state in the transition kinetics at RT.

For three-level systems, the power-dependent emission
count rate reaches saturation as shown in Fig. 4(c). With both
1, and r',; deduced from the short timescale measurements,
the detected fluorescence intensity at different excitation
powers can be fitted according to

r'
R = gt 72— (@
<E + o + 1)

where R is the total count rate of the emitter and 7¢cc and 7q
imply the detection efficiency of the whole confocal micro-
scope system and the photoluminescence quantum efficiency,
respectively. Taking the values of 15, 51, 723, 7’31 and R into
eqn (4), et X 11 = 3.43 x 107 is obtained for this emitter. The
detection efficiency of our set-up includes the collection
efficiency of the microscope objective with NA = 1.3 working
with immersion oil 7.1 & 7%, sphericity aberration #,, = 80%,
objective transmittance #yans & 76.1%, optical transmittance
Nopt & 30%, and quantum efficiency of silicon avalanche photo-
diodes napp = 46.5% at the wavelength of the measured
emitter. The estimated detection efficiency is the product of
Ncoly Maby Neransy Mope and app With a value of approximately
5.9 x 107>, The main limit of 54 lies in the collection
efficiency of the microscope objective. Notably, a number of
structures are studied to enhance the collection efficiency by
an objective lens with limited NA, such as suitable passivation,
integration of the single emitters in cavities, plasmonic
structures and more.***® The photoluminescence quantum
efficiency 74 is roughly estimated to be about 57%.

The theoretically calculated transition rate r; and lifetime 7,
as listed in Table 1, were compared with the experimental
results. The theoretically calculated r,; is 0.2 ns™!, corres-
ponding to = = 5.0 ns, which matches with the experimental
result of 0.37 ns™" upon transition from the excited state to the
ground state. Therefore, we can infer that state 2 in the theore-
tical calculation is the estimated excited state |2) in the experi-
ment. Similarly, 75, is calculated to be 5.17 x 10™* ns™", which
matches with the transition rate from the metastable state to
the ground state r'3; = 2.19 x 107* ns™', indicating that the
theoretically calculated state 3 is the metastable state |3). The
transition energy AE,; = 0.42 €V is relatively quite high com-
pared to the thermal energy kT = 0.026 eV (T = 300 K) at RT;
therefore, it is clear that r3, is much less than r,; according to
I3y = I3 €Xp(—AE,3/kT). It can be concluded that the meta-
stable state could not be spontaneously transformed into the
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Fig. 4 (a) Second-order autocorrelation function at different excitation powers over long time scales. Different colors represent experimental data
under different excitation powers, while the red lines are the best fit obtained with three-level second-order autocorrelation functions of eqn (4). (b)
Power dependence of 1, (orange dots) with fitting (green line). (c) Excitation-power-dependent emission count rate. The green hexagons represent
the total counting rate by APD1 and APD2, while the brown curve represents the fitting according to eqn (4).

excited state without absorbing external energy, such as
phonon energy. The same conclusion can be drawn for the
transition between the ground state and the metastable state
because of AE;; = 1.04 eV. The above conclusions show that
the theoretically calculated state 3 is the metastable state |3)
rather than the excited state |2). As a result, the calculated ZPL
and the lifetime of VyNg, referring to the transition from the
occupied a, (in spin down channel) to the unoccupied a; level
is a possible origin of the photoluminescence observed in the
experiment, and the transition from the occupied a; (in spin
up channel) to the unoccupied e level may be responsible for
the metastable state |3) in the experiment. In addition, the
wavelength of the point defect measured in our experiment
has a small deviation from the calculated wavelength value of
ZPL. This deviation can be attributed to lattice deformation
caused by the internal stress when AlGaN is actually grown.

3. Conclusions

In summary, we have investigated in detail the key photo-
physical properties of a NIR quantum emitter from single-point
defects in AlGaN films both theoretically and experimentally,
including ZPL, PL lifetime and PL spectra. We demonstrate the
consideration of the key photoluminescence parameters and
transition kinetics in defect identification through theoretical

18120 | Nanoscale, 2022, 14, 18115-18122

and experimental comparison. All the relevant properties of
VnNga obtained by first principles calculations in AlGaN agree
with the experimental results very well, giving a possible origin
of the measured emitter. This work provides deeper insights
into near infrared quantum emission from both the theoretical
and experimental perspectives, which have significant impor-
tance in revealing the unknown chemical properties of point
defects in AlGaN films and pave the way for the integration of
on-chip quantum devices and networks.
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