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A B S T R A C T

AlGaN materials have a great prospect in ultraviolet and deep-ultraviolet optoelectronic devices, while the point-
defects impede their applications. In this report, we successfully suppressed the luminescence of Vcation-related
point-defect in AlGaN materials. AlGaN epilayers were grown on AlN/sapphire template by metal-organic
chemical vapor deposition and the mixed metal-organic flows were used to pretreat the surface of AlN/sapphire
template. The luminescence intensity of (Vcation-complex)2− point-defects was reduced by the pretreatment,
demonstrating the favorable suppression effect on the luminescence of (Vcation-complex)2− point-defects. The
ephemeral metal-rich condition and metal-droplets on the AlN/sapphire template were believed to be partially
responsible for the suppression. It also supported the conception that the 3.90 eV luminescence in AlN originated
from the Vcation-related point-defects rather than the CN point-defects. The surface morphology was investigated
and an optimized pretreating time of 60 s was obtained. The carrier recombination mechanism was also studied
and the results revealed that dislocations not only could act as non-radiative recombination centers, but also
could bind the excitons.

1. Introduction

Ultraviolet (UV) and deep-ultraviolet (DUV) optoelectronic devices
are broadly utilized in the applications of sterilization and disinfection,
coating curing, lithograph, secret communication, quantum teleporta-
tion and so on [1–3]. However, with the banning of the mercury lamps,
UV and DUV light sources become increasingly scarce and people are
trying to search for the high efficient, energy saving and portable al-
ternatives. AlGaN materials have attracted extensive attention due to
the direct and tunable wide-bandgap from 3.4 to 6.2 eV [4]. Actually,
some AlGaN-based optoelectronic devices such as UVC light-emitting
diodes (UVC-LEDs), laser diodes (LDs) and photodetectors (PDs) had
ever been realized in recent years [5–7]. However, the performances of
those devices are far from real applications. On the one hand, the in-
ternal quantum efficiency is low due to the high dislocation density in
the AlGaN epilayers [8].On the other hand, the doping efficiency is low

and the device lifetime is short, which are both partially due to the high
point-defect density in the AlGaN epilayers [9,10].

Nowadays, many approaches have been proposed to improve the
AlGaN crystal quality. The so-called two-steps method [11], three-steps
method [12], low-temperature (LT) or middle-temperature (MT) in-
terlayer method [13], epitaxial lateral overgrowth (ELOG) method
[14], and high-temperature (HT) thermal annealing method [15] are all
applied to promote the quality of AlN/sapphire templates and thus the
subsequent AlGaN epilayers. It is possible to obtain AlGaN epilayers
with dislocation density as low as 108 cm−2. Moreover, the commer-
cialization of 2 in. single-crystal AlN substrates and thick hydride vapor
phase epitaxy grown AlN/sapphire (HVPE-AlN/sapphire) templates
with high DUV transmittance and mirror-like surface provided another
effective way to further elevate the performances of the AlGaN-based
devices [16,17]. Despite of the considerable reduction of dislocation
density in AlGaN, the device lifetime and reliability cannot be

https://doi.org/10.1016/j.apsusc.2020.146369
Received 24 January 2020; Received in revised form 28 March 2020; Accepted 6 April 2020

⁎ Corresponding authors at: State Key Laboratory of Luminescence and Applications, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy
of Sciences, Changchun 130033, China.

E-mail addresses: sunxj@ciomp.ac.cn (X. Sun), lidb@ciomp.ac.cn (D. Li).
1 Current affiliation.

Applied Surface Science 520 (2020) 146369

Available online 18 April 2020
0169-4332/ © 2020 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2020.146369
https://doi.org/10.1016/j.apsusc.2020.146369
mailto:sunxj@ciomp.ac.cn
mailto:lidb@ciomp.ac.cn
https://doi.org/10.1016/j.apsusc.2020.146369
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2020.146369&domain=pdf


guaranteed, for which the point-defects should mainly be responsible.
There are longstanding investigations into the point-defects in III-

nitrides. The famous yellow luminescence (YL) near 2.15 eV in GaN was
widely observed, which was believed to be resulted from the VGa point-
defects [18–20]. Otherwise, a deep level of about 0.18 eV below the
conduction band was also observed, which was attributed to the VN

point-defects [21]. Those point-defects seriously deteriorated the GaN-
based devices. As for AlN, analogous extrinsic light emissions were also
observed. Low energy emissions located at 3.40, 3.90, and 4.71 eV
appeared, and those emissions were respectively classified as the levels
of point-defects VAl

3−, (VAl-complex)2−, and (VAl-complex)1− [22,23].
There were also controversies about the origins of the light emissions.
Ramon Collazo et al. believed that the luminescence of 3.90 eV origi-
nated from the CN point-defects [24]. On the other respect, an emission
about 0.26 eV below the conduction band was observed, which was
attributed to the VN point-defects [25]. In AlGaN ternary alloys, the
point-defects related light emissions were more universally discovered.
They were also ascribed to the Vcation-related point-defects [22,23].
Despite of the extensive investigations on point-defects, there are no
effective methods to reduce the point-defect density, which impedes the
applications of AlGaN-based devices.

Theoretical calculations demonstrated that the formation energy of
VN in metal-rich conditions was lower than that in N-rich conditions
while the formation energy of Vcation in metal-rich conditions was
higher than that in N-rich conditions [26]. This result indicates that it is
possible to suppress the formation of point-defects by controlling the
growth conditions. In the metal-organic chemical vapor deposition
(MOCVD) growth procedures, it is easy to achieve N-rich condition due
to the comparatively high V/III ratio. The increase of hole concentra-
tion in p-AlGaN grown in high V/III ratio confirmed the conception due
to the effective suppression to the VN point-defects [27–29]. However,
it is quite difficult to realize steadily metal-rich condition in MOCVD,
indicating the difficulty to suppress the Vcation-related point-defects.

Previous studies had used the metal-organics flow to pretreat the
substrate to improve the III-nitrides quality [30–32], which could
provide ephemeral metal-rich conditions. In this report, a method of
metallization pretreatment was applied to suppress the luminescence of
Vcation-related point-defects in AlGaN epilayers grown on HVPE-AlN/
sapphire template substrate by MOCVD. The luminescence of Vcation-
related point-defect was suppressed due to the ephemeral metal-rich
condition and metal-droplets on substrates and the optimized metalli-
zation pretreating time was 60 s. It also demonstrated that the 3.90 eV
luminescence in AlN originated from Vcation-related point-defects rather
than CN point-defects.

2. Materials and methods

The AlGaN epilayers were grown on HVPE-AlN/sapphire templates
with sapphire cutoff angle of 1.5 ± 0.2° toward the a-plane by
AIX200/4 RF-S HT-MOCVD system. The thicknesses of HVPE-AlN were
all about 5 μm. The trimethyl aluminum (TMAl), trimethyl gallium
(TMGa), and ammonia (NH3) were used as Al, Ga and N precursors,
respectively, and the hydrogen (H2) was used as the carrier gas. The
chamber pressure and total flow rate were fixed at 40mbar and 9600
sccm during the AlGaN growth. The flow rates of metal-organics TMAl
and TMGa were 40 and 12 sccm, and the flow rate of NH3 was 500
sccm. To pretreat the surface of HVPE-AlN, the TMAl and TMGa flows
were kept open and the NH3 was kept closed for 600, 60, and 20 s at the
beginning of AlGaN growth, which are denoted as samples B, C, and D,
respectively. For comparison, the AlGaN epilayers without metalliza-
tion pretreatment were also grown, which is denoted as sample A. The
growth time of all AlGaN epilayers was 40min and the resulted AlGaN
epilayers were all about 1.2 μm.

High angle annular dark field scanning (HAADF) transmission
electron microscopy (STEM) was used to investigate the interface be-
tween HVPE-AlN substrate and the AlGaN epilayer. Energy Dispersive

Spectroscopy (EDS) mapping was measured to determined the growth
condition and the element profile. The D8 discover thin film X-ray
diffractometer (XRD) was used to determine the Al content of all
samples. The X-ray is Cu Kα1 radiation line with wavelength of
0.15406 nm. The Bruker Multimode 8 atomic force microscopy (AFM)
was used to analyze the surface evolution. The photoluminescence (PL)
spectra and time-resolved PL (TRPL) decay spectra were measured to
analyze the optical and carrier recombination properties. PL spectra at
RT were excited by a laser with wavelength and out-put power of
213 nm and 50mW. Temperature-dependent PL and TRPL measure-
ments were carried out by a femtosecond laser with wavelength and
out-put power of 217 nm and 20mW at temperature ranging from 10 to
300 K. The diameter of the laser spot is about 2mm. The repetition
frequency of the light pulse is 76MHz. The laser beams horizontally
illuminated on the vertically placed wafers and the geometry was ad-
justed to attain the highest PL intensity and lowest noise. Once the
geometry was obtained, all wafers were measured in the same geo-
metry. Five spots were recorded for each samples to eliminate the
fortuity.

3. Results and discussions

Fig. 1(a) shows the HAADF-STEM image of sample C. Samples B and
D exhibit the same interface characteristics as sample C. It can be seen
that the pretreatment can form an interlayer between HVPE-AlN and
AlGaN epilayer. The corresponding EDS mappings of the elements
profile of Carbon, Aluminum, and Gallium are displayed in
Fig. 1(b)–(d). At the interface areas (in the white rectangles), the
Carbon and Aluminum concentrations are obviously higher than other
areas, and the Gallium element is also sparingly observed, indicating
the metal-organics decomposed during the pretreatment and con-
structed a metal- as well as carbon-rich growth condition.

Fig. 2(a) and (b) are the XRD 2theta-omega scanning results of the
(0 0 0 2) and (1 0 –1 2) planes for samples A, B, C, and D, respectively.
The peak positions of the (0 0 0 2) planes for the AlGaN epilayers in
samples A to D are 35.282°, 35.235°, 35.345°, and 35.345°, respectively.
These of the (1 0 –1 2) planes are 49.086°, 49.157°, 48.835°, and

Fig. 1. The (a) HAADF-STEM image of sample C and the corresponding element
profile of (b) Carbon, (c) Aluminum, and (d) Gallium, respectively.
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48.610°, respectively. According to the Bragg’s law and inter-planar
space formula of hexagonal structures, the in-plane and out-plane lat-
tice constants of a and c for the samples A to D can be determined as
0.31311, 0.31175, 0.31714, 0.32002 nm and 0.50836, 0.50902,
0.50748, 0.50748 nm, respectively. It is reasonable to assume the III-
nitrides satisfy the biaxial-stress condition because of their hexagonal
structures [33]. Based on the assumption, the Al content in the AlGaN
epilayers can be calculated. During the calculations, the elastic con-
stants C13, C33, C13, and C33 of AlN and GaN were taken the values of
108, 373, 103, and 405 GPa, respectively [34]. The lattice constants a
and c of free-strained AlN and GaN were taken the values of 0.31127,
0.31892, 0.49817, and 0.51850 nm, respectively [35,36]. The elastic
constants of AlGaN were obtained by linear interpolation method and
the lattice constants of free-strained AlGaN were obtained by Vegard’s
Low [37]. Eventually, the Al content in the AlGaN epilayer for sample A
was determined as 59% and these for samples B to D were 49%, re-
spectively. Additionally, it can be also deduced from the Full-Width-
Half-Maximum of the XRD results that the dislocation density of sample
A is lower than that of samples B to D (Supporting information).

The defect-related luminescence information was characterized by
PL as Fig. 3. As it can be seen in Fig. 3(a), there are four obvious peaks
labeled as PA1, PA2, PA3 and PA4 in sample A, respectively. The peak
PA1 located at 4.662 eV is the near-band-edge emission. Besides, pre-
vious studies have demonstrated that the peak PA2 originated from the
macro-step areas where the Al content was lower than the flat areas due
to the bunching effect [38–40]. The peak PA3 located at 4.232 eV is
resulted from the deep donor level transition. Not surprisingly, a
commonly observed PL peak in AlGaN also appeared in sample A as the
peak PA4 located at 3.062 eV. As for samples B to D, the results are
similar to each others while are quite different from that of sample A.
There are two obvious peaks located at 4.477 and 4.306 eV in samples B
to D labeled as PBCD1 and PBCD2, which originate from near-band-edge
emission and shallow donor level transition, respectively. However,
there are no obvious peaks in samples B to D analogous to PA4 in
sample A. To more distinctly investigate the luminescence properties,
log-scale spectra are plotted as the insertion in Fig. 3(a). Two additional
peaks at 3.513 and 2.904 eV can be noticed, shown as PBCD3 and PBCD4.

Although there were still defect-related luminescence in samples B to D,
the intensities of the peaks drastically decreased compare to sample A.

As discussed above, the dislocation densities in samples B to D are
higher than that in sample A, which can introduce non-radiative re-
combination centers. It is essential to investigate whether the defect-
related luminescence suppression in samples B to D comes from the
point-defect density reduction or the non-radiative recombination en-
hancement. Assuming that non-radiative recombination can be ne-
glected at LT because the photo-generated non-equilibrium carriers can
hardly transport to non-radiative recombination centers at very low
temperature, the LT PL spectra can be utilized to determine the origin of
the defect-related luminescence reduction. Fig. 3(b) shows the fitted PL
spectra at 10 K for samples A and D (Supporting Information). The near-
band-edge emission of the two samples exhibits similar intensity, in-
dicating the non-radiative recombination are negligible as assumed
above. While the defect-related luminescence of sample D is obviously
lower than that of sampe A. This is a signal implying that the metalli-
zation pretreatment was effective to suppress the point-defect related
luminescence and the suppression effect at least partially came from the
reduction of the point-defect density. Otherwise, temperature-depen-
dent PL spectra for samples A and D indicated non-radiative re-
combination also contributed to the point-defect related luminescence
reduction, which will be discussed later. The normalized PL spectra as
shown in Fig. 3(c) indicated that the pretreating time of 60 s exhibited
better suppression effect than 600 and 20 s.

To determine the type of the point-defect, it is necessary to find out
the origins of the peaks PA4, PBCD3 and PBCD4. Fig. 3(d) displays the PL
spectrum of the HVPE-AlN templates. An intense peak located at
3.513 eV labeled as PHVPE-AlN was observed, which was quite coincident
to the positions of peak PBCD3, indicating the peaks PBCD3 resulted from
the HVPE-AlN templates. Fig. 4(a) plots the PL peak energies from Ref.
[22,23] as the function of Al content [22,23]. The peaks PA1, PBCD1,
PA4, PBCD4 and PHVPE-AlN are also plotted in Fig. 4(a). It can be clearly
seen that these dots almost align at four lines, indicating the emissions
can be classified into four types. To further identify the defect types, the
energy level positions of each peaks in the bandgap as the function of Al
content need to be obtained. The equation

Fig. 2. The 2theta-omega scanning of (a) (0 0 0 2) planes and (b) (1 0 –1 2) planes of samples A, B, C and D, respectively.
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= + − − −E x E AlN x E GaN b x x· ( ) (1 )· ( ) · ·(1 )g g g (1)

was utilized to calculated the bandgap of AlGaN, where the AlN
bandgap Eg(AlN), GaN bandgap Eg(GaN) and the bowling parameter b

were taken as 6.2, 3.4, and 1 eV, respectively [4,41]. The conduction
band offset ΔEc(x) and valence band offset ΔEv(x) between AlxGa1-xN
and GaN had been assumed to 70% and 30% of the bandgap offset ΔEg

Fig. 3. (a) is the PL spectra of samples A, B, C and D at RT by laser with 213 nm wavelength, respectively. The insertion is the corresponding log-scale spectra. (b) is
the fitted PL spectra of samples A and D at low temperature of 10 K by laser with 217 nm wavelength. (c) is the normalized PL spectra at RT. The insertion is the
corresponding log-scale spectra. (d) is the PL spectrum of the HVPE-AlN template at RT by laser with 213 nm wavelength.

Fig. 4. (a) The PL peak energies from Refs. [22,23] and Fig. 3 as function of Al-content at RT, respectively. (b) Deep acceptor levels related to Vcation-related point-
defects obtained from Refs. [22,23] and Fig. 3 as well as the Ec and Ev as function of Al-content at RT, respectively.
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(x). Taking the valence band of GaN as the reference zero energy level,
the conduction band Ec(x) of AlxGa1-xN can be calculated by

= + −E x E GaN E x E GaN( ) ( ) 0.7·( ( ) ( ))c c g g (2)

and the valence band Ev(x) of AlxGa1-xN can be calculated by

= − −E x E x E GaN( ) 0.3·( ( ) ( ))v g g (3)

The resulted Ec and Ev are plotted as the black dot curves in
Fig. 4(b). The energy level positions of the near-band-edge emission
ENBE(x), which aligned at the first line from top to bottom in Fig. 4(a),
were determined by

= + −E x E x E Al Ga N( ) ( ) ( )NBE v emission x x1 (4)

where Eemission(AlxGa1-xN) was the measured emission peak energy. Si-
milarly, the energy level positions of the point-defects related emissions
EA(x), which align at the second to fourth lines from top to bottom in
Fig. 4(a), can be also determined by

= − −E x E x E Al Ga N( ) ( ) ( )A c emission x x1 (5)

Eventually, the energy levels’ profile was displayed as Fig. 4(b).
As it can be seen in Fig. 4(b), the energy levels of high energy

emission are all arranged close to Ec, confirming the PA1 and PBCD1 are
resulted from near-band-edge emission. More importantly, it can be
clearly seen that there are three levels pinning in the bandgap, namely
the levels scarcely vary with Al content. Previous studies demonstrated
that the three pinning levels were resulted from three different point-
defects Vcation

3−, (Vcation-complex)2− and (Vcation-complex)1−, respec-
tively [22,23]. The level of PHVPE-AlN is located at the top level and
those of PA4 and PBCD4 are exactly located at the middle level as the
green dots in Fig. 4 (b). So it can be deduced that the luminescence PA4,
PBCD4 in samples A to D originate from the (Vcation-complex)2− point-
defects. Thus the metallization pretreatment can reduce the density of
(Vcation-complex)2− point-defects. During the pretreatment, ephemeral
metal-rich condition was formed and metal-droplets deposited on the
surface. The metal-rich condition and metal-droplets should be re-
sponsible for the reduction of (Vcation-complex)2− point-defect. On the
other hand, it is reasonable to categorize the origin of the 3.9 eV
emission in AlN and the point-defect related emissions in this work into
similar categories according to Fig. 4. If the 3.9 eV emission in AlN is
resulted from CN, it can also infer the point-defect related emissions in
this work originated from CN. However, the pretreatment not only can
provide metal-rich condition, but also can create Carbon-rich condition
[42,43], which can increase the CN point-defect density and result in
more intense defect-related emission. But it is just the opposite, which
indicates the 3.90 eV luminescence in AlN originated from the Vcation-
related point-defects rather than the CN.

Besides the suppression effect on the formation of point-defects, the
influences of the metallization pretreatment on the surface morphology
of AlGaN epilayers were also investigated to optimize the pretreating
time. Fig. 5(a)–(d) display the AFM images of samples A to D with scale
of 10 μm×10 μm, respectively. There are obvious macro-steps with
wide steps and unstraight step edges in the surface of sample A as
shown in Fig. 5 (a). It had been demonstrated that the macro-steps were
resulted from the cutoff angle in sapphire of the HVPE-AlN templates
[44]. After pretreatment, the width of the macro-steps remarkably be-
came narrower as shown in Fig. 5(b)–(d). Moreover, the macro-step
arrangement of sample C is better than that of samples B and D. Noti-
cing the scale bar beside the images, it can be known that the flatness of
sample C is also better than that of samples A, B and D, namely the
pretreating time of 60 s is best among the four samples. Taking the
point-defect suppression effect and surface morphology evolution into
consideration, the pretreating time of 60 s is believed to be the most
appropriate time, while further optimization is needed, comprehen-
sively.

The temperature-dependent PL spectra were also measured to in-
vestigate the carrier recombination processes. Fig. 6 depicts the fitted

PL spectra of samples A and D at temperature from 10 to 300 K
(Supporting information). With temperature increasing, the PL peak
position slightly shifts with a typical “S-shape”, which originates from
the alloy-potential fluctuation [40]. The sample A exhibits larger shift
than sample D, implying sample A has stronger alloy fluctuation. On the
other aspect, the PL intensity of both samples decreases with tem-
perature increasing, indicating the presence of non-radiative re-
combination. The decrement of sample D is larger than that of sample
A, demonstrating the non-radiative recombination in sample D is
stronger than that in sample A. This is mainly resulted from the higher
dislocation density in sample D. For the point-defect related lumines-
cence, it decreases with increasing temperature as well. Such decrease
demonstrates the non-radiative recombination centers can also influ-
ence the point-defect luminescence. So it can be deduced that both the
reduction of the point-defect density and the non-radiative re-
combination centers caused the suppression of point-defect lumines-
cence. Note that the point-defect luminescence cannot be detected at
temperature> 210 K for sample A and>120 K for sample D, for which
we believe the lower output power of the femtosecond laser and the
quartz window of low temperature chamber are responsible.

The carrier recombination mechanism was also studied by TRPL
spectra. Fig. 7(a) and (b) shows the normalized TRPL of the near-band-
edge emissions PA1 and PBCD1 of samples A and D at temperature from
10 to 300 K, respectively. To extract the effective PL decay lifetimes, a
single exponential law as the equation

=I t I exp t τ( ) · ( / )PL0 (6)

was used to fit the TRPL spectra, where I(t) is the PL intensity at time t,
I0 is the initial PL intensity, and τPL is the effective PL decay lifetime.
Otherwise, a biexponential law that

= +I t I exp t τ I exp t τ( ) · ( / ) · ( / )1 1 2 2 (7)

was applied to fit the decay spectra if the single exponential law did not
work well, where Ii is the initial intensity of ith component and τi re-
flects the lifetime of the corresponding radiative recombination pro-
cesses [45,46]. The effective PL lifetime is obtained through the for-
mula

= + +τ I τ I τ I τ I τ( · · )/( · · )PL 1 1
2

2 2
2

1 1 2 2 (8)

when the biexponential low is applied. A multi-exponential law can also
be used to fit the TRPL decay spectra. The more terms the fitting law
contains, the more extrinsic radiative recombination processes there
are. The fast decay constant potentially reflect the intrinsic radiative
recombination process [45,46]. For sample A, the single exponential
law can fit the TRPL spectra from 10 to 120 K, while only biexponential
law can function at temperature> 120 K. From the RTPL and tem-
perature-dependent PL spectra as Figs. 3 and 6, Al-content non-uniform
level and deep donor level existed, causing the PA2 and PA3 emissions,
respectively. With temperature increasing, transports among these le-
vels took effects, resulting in the transition from single exponential law
to biexponential law. For sample D, a biexponential law was needed to
fit the TRPL spectra, indicating there always other radiative re-
combination channel. The shallow donor level, whose emission is al-
ways distinct at temperature from 10 to 300 K as shown in Fig. 6, might
be the other radiative recombination channel.

The extracted effective PL lifetimes of samples A and D are plotted
in Fig. 7(c) and (d). The radiative and non-radiative recombination
lifetimes were calculated by

= +τ T τ T τ T1/ ( ) 1/ ( ) 1/ ( )PL r nr (9)

=τ T τ T IQE T( ) ( )/ ( )r nr (10)

= ∫ ∫IQE T PL T PL( ) ( )/ (10 K) (11)

where τPL(T),τr(T),τnr(T), IQE(T), and ∫ PL(T) are the effective PL decay
lifetime, radiative recombination lifetime, non-radiative recombination
lifetime, internal quantum efficiency, and integrated PL intensity at
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temperature of T (K). The internal quantum efficiency at 10 K was as-
sumed to be 100%. The resulted τr(T), and τnr(T) are also plotted in
Fig. 7(c) and (d). Previous theoretical studies had demonstrated the
temperature-dependent radiative recombination lifetime could reflect
the exciton dimensionality characteristics. The radiative recombination
lifetime of zero-dimensional (0D) exciton is independent of T, while
those of two-dimensional (2D) and three-dimensional (3D) excitons are
proportional to T and T1.5, respectively [47,48]. For sample A, the ra-
diative recombination lifetime exponentially increases with increasing
temperature at the entire temperature range, exhibiting 3D exciton
behavior. For sample D, different phenomena were observed. At tem-
perature< 40 K, the radiative recombination lifetime linearly increases
with temperature increasing, exhibiting 2D exciton behavior. At
medium temperature from 40 to 150 K, the radiative recombination
lifetime scarcely alter with temperature increasing, exhibiting 0D ex-
citon behavior. At higher temperature from 150 to 300 K, the radiative
recombination lifetime exponentially increases with temperature in-
creasing, exhibiting 3D exciton behavior.

Comparing the exciton dimensionality of sample A to D, it was
found the excitons in sample D exhibited lower dimensionality than
that in sample A at temperatures< 150 K, indicating the excitons in
sample D suffered stronger binding effect than that in sample A. Our
previous work revealed that the alloy potential fluctuation of sample D
was lower than that of sample A [40]. So it can be speculated the ex-
citons in sample D might not mainly be confined by alloy potential
fluctuation. There are another bound centers in sample D. Generally,

the enhancement of binding effect can prevent excitons from diffusing
to non-radiative recombination centers, thus promoting the quantum
efficiency. However, the quantum efficiency of sample D is lower than
that of sample A. This phenomenon indicated that the bound centers
might directly act as the non-radiative recombination centers. Defects
including point-defects and dislocations are usually the non-radiative
recombination centers. However, based on the decrease of the point-
defect density and increase of the dislocation density in sample D
compared to sample A, it can be deduced that dislocations might be the
bound centers as well as non-radiative recombination centers.

Based on the discussions, it was found the metallization pretreat-
ment to the surface of the HVPE-AlN template substrate can suppress
the luminescence of the (Vcation-complex)2− point-defect. The suppres-
sion resulted from the reduction of the point-defect density, on the one
respect, and also resulted from the non-radiative recombination cen-
ters, on the other respect. The dislocations usually act as the non-ra-
diative centers. Moreover, the dislocations can also act as the exciton
bonding centers. It is quite harmful for improving the quantum effi-
ciency of near-band-edge emission. Hence, the method needs to be
further optimized to reduce not only the point-defect density, but also
the dislocation density. Upon the method of metallization pretreatment,
we can provide an optimization direction that to periodically metalize
the epilayer surface and grow the AlGaN layer. By adjusting the me-
tallization pretreating time and the AlGaN layer thickness within one
period and the total circles, it is hopeful to realize AlGaN epilayers with
reduced concentration of the Vcation-related point-defect as well as the

Fig. 5. (a), (b), (c), (d) are the AFM images of samples A, B, C, D with scale of 10 μm×10 μm, respectively.
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Fig. 6. The fitted PL spectra excited by the femtosecond laser at temperature from 10 to 300 K of samples A and D.

Fig. 7. (a) and (b) are the normalized TRPL decay spectra for samples A and D, respectively. (c) and (d) are the effective PL lifetimes, radiative and non-radiative
recombination lifetimes for samples A and D, respectively.
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dislocation non-radiative recombination centers.

4. Conclusions

In summary, a method of metallization pretreatment to the surface
of the HVPE-AlN template substrate has been proposed to suppress the
luminescence of point-defects. With the mixed metal-organic flows
(TMAl and TMGa) pretreating, the luminescence of (Vcation-complex)2−

point-defects decreased. The ephemeral metal-rich condition and metal-
droplets on the HVPE-AlN were believed to be partially responsible for
the suppression. It also supported the conception that the 3.90 eV lu-
minescence in AlN originated from Vcation-related point-defects rather
than CN point-defects. Taking the surface morphology into considera-
tion, an optimized pretreating time of 60 s was obtained. Furthermore,
it was found the metallization pretreatment could alter the exciton di-
mensionality characteristics, which demonstrated that dislocations not
only could act as non-radiative recombination centers, but also could
bind the excitons. Further optimization needs to be performed to reduce
not only the point-defect density, but also the dislocation density.
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