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ABSTRACT

Creating voids between thin films is a very effective method to improve thin film crystal quality. However, for AIN material systems, the AIN
layer growth, including voids, is challenging because of the very high Al atom sticking coefficient. In this study, we demonstrated an AIN
template with many voids grown on AIN nanorods made by polarity selective epitaxy and etching methods. We introduced a low V/III ratio
and NHj3 pulsed growth method to demonstrate high-quality coalesced AIN templates grown on AIN nanorods in a metal organic chemical
vapor deposition reactor. The crystal quality and residual strain of AIN were enhanced by the void formations. It is expected that this growth
method can contribute to the demonstration of high-performance deep UV LEDs and transistors.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0042631

Recently, the world has faced a terrible epidemic because of the
coronavirus (COVID-19), which spreads from person-to-person,
mostly through respiratory droplets that occur when an infected
individual sneezes or coughs in the air."* Chemical methods are pri-
marily used to prevent the virus from spreading, but there is a limit
of their use in large spaces and crowded areas.” AlGaN-based deep
ultraviolet light-emitting diodes (DUV LEDs) are promising ster-
ilization and decontamination candidates to prevent epidemics.*°
However, the performance of AlGaN-based DUV LEDs needs to
be improved for general use in virus disinfection. There are several
problems blocking performance improvement of DUV LEDs as ster-
ilization light sources. One problem is the non-radiative recombina-
tion in multi-quantum wells (MQWs) due to the high dislocation
density caused by the difference in the large lattice mismatch and
the thermal expansion coefficient between the AIN layer and the
sapphire substrate, which induces low internal quantum efficiency
(IQE).”” The poor carrier injection efficiency (CIE) is another prob-
lem that hinders performance improvement of DUV LEDs.!*!! The

ultrawide bandgap (3.4-6.2 eV) of AlGaN-based materials has inher-
ently high dopant activation energy in both n- and p-type, making
high-efficiency doping very challenging in this material system.'>!’
In addition, the light extraction efficiency (LEE) is decreased because
the DUV light emitted from AlGaN MQWs is partially absorbed
by the p-cladding layer.!* One of the most effective methods to
solve low efficiency issue in DUV LEDs is to grow high-quality
AIN templates because low defect AIN not only affects the enhance-
ment of IQE but also improves the doping efficiency of the upper
cladding layer.” Some groups have attempted to study a patterned
sapphire substrate (PSS), epitaxial lateral overgrowth (ELO), sput-
tered AIN and nanostructures to reduce the dislocation density in
the AIN layer."”""” However, in AIN material systems, ELO using
a selective mask, being very favorable for void generation in the
GaN material system, is limited owing to the high Al atom sticking
coefficient.”’ Therefore, mask-assist growth and void formation in
AIN-based materials are very circumscribed, as compared with GaN
materials.”*?
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To overcome these fundamental limitations, in this study, we
used AIN nanorods fabricated by the polarity selective epitaxy and
etching (PSEE) method for the growth of AIN layers embedded
with numerous voids.”” The voids were primarily formed at the
interface between the regrown AIN layer and AIN nanorods. The
PSEE method has been studied for high-efficiency DUV emitters
in our group by high-temperature metal organic chemical vapor
deposition (HT-MOCVD).”* The surface morphology of regrown
AIN on AIN nanorods was practically merged, and the crystal
quality was improved by controlling the regrowth conditions in
the MOCVD reactor. In addition, this approach is expected to
be an alternative technique to enhance the crystal quality of the
AIN template using only the MOCVD system because it does
not include any complicated fabrication processes, such as pho-
tolithography and nanoimprint technology for making selective
masks.”

The growth process for the two AIN layer types is described
in Fig. 1. Conventional Al-polar AIN and polarity selective epitaxial
(PSE) AIN were grown on a 0.2° off-angle c-plane sapphire sub-
strate (diameter: 2 in.) using the HT-MOCVD (Top Engineering,
PHAETHON 100U) system. H, thermal cleaning was performed on
the sapphire substrate in the MOCVD reactor before AIN growth.
The H, annealing temperature on the sapphire substrate was varied
to control the AIN polarity. The growth schematic diagram shown
in Fig. 1 describes that the H, annealing temperatures were 1075
°C and 1250 °C for conventional AIN and PSE AIN, respectively.”
Subsequently, the low-temperature (LT) AIN buffer layers with 25
and 5nm were grown on thermally cleaned sapphire to stack con-
ventional AIN and PSE AIN, respectively.”® Finally, 2 ym AIN layers
were grown at 1250 °C for 3600 s on both buffer layer types.

After growth, the PSE AIN was chemically etched using a 2.5
wt. % potassium hydroxide (KOH) solution at 80 °C for 10 and 30s.
The different AIN nanorods were formed using the KOH chemical
etching method by inducing the preferential etching process of the
N-polar region of PSE AIN.” For improved AIN growth, AIN was
regrown on the AIN nanorods fabricated by the PSEE method using
the MOCVD system. The AIN regrowth condition was controlled
by changing the V/III ratio from 300 to 10 and introducing 45 pairs
of pulsed gas injection epitaxy at 1250 °C in the MOCVD reactor.

scitation.org/journal/adv

One pair of pulsed epitaxy consists of simultaneous source injection
of group III and V sources for 3 s and interruption of the group V
source for 5s. During the AIN growth process, the reactor pressure
was maintained at 4 kPa. Trimethylaluminum (TMA) and ammonia
(NH3) were used as Al and N sources, respectively.

A scanning electron microscope (SEM) was used to observe
the surface morphology and cross-sectional image of AIN using the
SEM system (S-4000, Hitachi). A high resolution x-ray diffraction
(HR-XRD) system (X’Pert Pro MRD cradle, Panalytical) with a Cu-
Ka target (A = 1.54 A) was used to observe the crystal quality of
AIN using the x-ray rocking curve (XRC) method. Cathodolumi-
nescence (CL) analysis of AIN was performed using the CL system
(MONO CL3+, GATAN). The selective area electron diffraction
(SAED) and dislocation behavior of the AIN layer were measured
by using a cross-sectional transmission electron microscopy (TEM)
system (JEOL, JE-2100F). Raman spectroscopy with a laser exci-
tation source at a wavelength of 532 nm was used to measure the
optical AIN characteristics at room temperature. An atomic force
microscope (AFM) system (XE-7, Park systems) in non-contact
mode was used to observe the surface morphology of the AIN
layer.

The polarity of the AIN layer is controlled by the initial growth
condition on the sapphire substrate in the MOCVD reactor, as
shown in Fig. 1. We introduced a high-temperature (1250 °C) H,
annealing and nitridation step to obtain mixed-polarity AIN seeds.
The surface bonding of the sapphire substrate was modified from
Al-O to AI-N-O by introducing H, annealing and nitridation pro-
cesses at 1250 °C.** Finally, a thin buffer layer (~5nm) induced the
formation of mixed polarity seeds to demonstrate a mixed polar AIN
layer.”® The SEM images show the surface morphologies of con-
ventional AIN and PSE AIN grown under different pre-treatment
conditions, as shown in the inset of Fig. 1. The conventional AIN
shows a very smooth surface morphology, but PSE AIN has a rough
surface morphology.””

Figures 2(a)-2(c) show the SEM plan-view images of PSE AIN
depending on the KOH etching time. The surface morphology of
PSE AIN consists of numerous Al-polar AIN domains with differ-
ent sizes (100-400 nm). The inversion main boundary region was
preferentially etched after KOH immersion for 10's, which is caused

== Conventional AIN

H, annealing + Nitridation

Main AIN layer Main AIN layer
1 1

== Polarity selective epitaxial AIN

Q

PSE AIN

LT-AIN LT-AIN

FIG. 1. Growth procedures and SEM sur-
face images for conventional and PSE
AIN, respectively.
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FIG. 2. SEM surface morphology and bird’s eye view images of PSE AIN etched for (a) and (d) 0s, (b) and (e) 10s, and (c) and (f) 30s, respectively.

by the difference in the etch rate between Al- and N-polar AIN.*
The SEM bird’s eye view shows that the AIN nanorods were formed
by KOH wet etching, as shown in Figs. 2(d)-2(f). As the etching
time increased to 30 s, the AIN domain size decreased, and the aspect
ratio increased. However, the XRC FWHM of AIN etched with KOH
for 30s was increased by decreasing the Al-polar domain region,
as indicated in Table I. This increase in the XRC FWHM in the
KOH 30 s sample implies that etching time exceeding a critical point
excessively reduces the volume of the Al-polar region of the AIN
nanorods, which is also proved through decreased domain size of
Al-polar AIN, as shown in Fig. 2(c). Finally, we used AIN nanorods
with KOH for 10 s as the template for demonstration of high-quality
AIN.

Figures 3(a)-3(d) show the plan-view images of 10 s etched PSE
AIN and 3600s regrown AIN depending on the different growth
conditions by observing SEM measurement. Figure 3(b) indicates a
non-coalescent surface of the AIN layer grown by the conventional
growth AIN condition (V/III ratio: 300). Generally, it is reported
that the high V/III ratio promotes the three-dimensional growth
mode during AIN growth in the MOCVD system.”® To achieve
the merged surface of AIN, we changed the V/III ratio to 10 dur-
ing the AIN regrowth process. Figure 3(c) shows the nearly coa-
lesced surface morphology of AIN, which is assumed that the lat-
eral growth was induced by a low V/III ratio. However, the pits
were formed on the AIN surface by insufficient merge under a V/III

TABLE I. The XRC FWHMs of PSE AIN etched for 0, 10, and 30 s.

Sample (002) FWHM (Arc sec) (102) FWHM (Arc sec)
Before KOH 220 470
KOH 10 s 250 470
KOH 30s 325 500

ratio of 10. Therefore, we inserted a layer that significantly pro-
motes lateral growth by pulsed NH; injection near the top region
of the AIN nanorods before the continuous regrowth step. The
regrown AIN surface was merged in the end by introducing pulsed
growth and a low V/III ratio, as shown in Fig. 3(d). The cross-
sectional SEM images in Figs. 3(e)-3(h) show the 10s etched PSE
AIN and 3600 s regrown AIN depending on different growth con-
ditions, which including voids formed at the interface between the
bottom region of regrown AIN and the top region of the AIN
nanorods.

The AIN thickness varied depending on the regrowth condi-
tion. Figure 3(e) shows the thickness of KOH-etched AIN at ~2 ym.
The regrown AIN with a V/III ratio of 300 has a thickness of 4
um because the growth condition was the same between PSEE AIN
nanorods and regrown AIN, as indicated in Fig. 3(f). However, the
thickness of regrown AIN with a V/III ratio of 10 was increased ~5
um by reducing the NH3 source gas, as shown in Fig. 3(g). Finally,
the thickness of AIN regrown with pulsed growth and a V/III ratio
of 10 was about 5.5 ym, as shown in Fig. 3(h). The slight increase in
AIN thickness is due to the insertion of the NH; pulsed growth layer.
These results suggest that the low V/III ratio AIN growth developed
not only the lateral AIN growth on nanorods but also the AIN growth
rate.”’

Table IT shows the XRC FWHMs of the regrown AIN samples.
The (002) XRC FWHM s of regrown AIN increased, as compared to
that of AIN NRs, from 250 to 320 arc sec. This means that the screw
dislocations increased during the AIN regrowth process.”” However,
the (102) XRC FWHMs differed depending on the regrowth con-
dition, as shown in Table II. In particular, the (102) XRC FWHM
of AIN regrown with the pulsed step and a V/III ratio of 10 was
reduced, as compared to PSE AIN, from 470 to 425 arc sec. It is
assumed that lateral overgrowth by the pulsed step induced block-
ing and bending of dislocations. Therefore, the dislocations could
not reach the top surface region of regrown AIN. It was reported that

AIP Advances 11, 045036 (2021); doi: 10.1063/5.0042631
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FIG. 3. SEM surface morphology and cross-sectional images of (a) and (e) 10 s etched AIN and 3600 s regrown AIN under conditions of (b) and (f) V/II ratio 300, (c) and
(9) 10, and (d) and (h) 10 with pulsed growth, respectively. White dash lines indicate the interface between AIN and the sapphire substrate.

the (102) XRC FWHM is closely affected by the edge type threading
dislocation, according to Heying et al., and therefore, the rocking
curve widths for (102) are more reliable factors of crystal quality.’’
In addition, it is very sensitive to the performance of nitride-based
devices.*

Figure 4 shows the schematic procedure for the fabrication
of PSEE AIN nanorods and regrowth of AIN depending on the
regrowth condition. First, the PSE AIN was grown by introducing
high-temperature H, cleaning on sapphire and a 5nm AIN buffer
layer, which consists of different Al- and N-polar AIN domains,
as shown in Fig. 4(a). Subsequently, the PSE AIN was chemically
wet etched using a KOH solution. The AIN nanorods were fabri-
cated by the difference in the etch rate between Al- and N-polarity,
as shown in Fig. 4(b).** In our early work, we used the PSEE AIN
nanorod structure and demonstrated a high-efficiency DUV emitter
based on this method.” Figures 4(c)-4(f) show the AIN regrowth
behavior by changing the growth conditions. Figure 4(c) indicates
the regrown AIN with a V/III ratio of 300, which is the conventional
AIN layer growth condition in our MOCVD system. Judging from
the SEM cross-sectional view, the change to a low V/III ratio affects
the growth behavior of AIN, as shown in Fig. 4(d). It is assumed
that the AIN growth proceeded in both polarities and the growth
rate gap between Al-polar and N-polar is larger, similar to decreas-
ing the V/III ratio seen in the void shapes. Consequently, the shape
of the voids in regrown AIN tends to become horizontally narrower

and vertically longer. To further promote surface coalescence, at the
very first stage of AIN regrowth, we introduced pulsed NHj3 injec-
tion growth, as shown in Fig. 4(e). The NH3 gas was periodically
injected and stopped for 45 pairs with continuous TMA flow. Subse-
quently, AIN was regrown for 3600 s on the pulsed grown AIN layer
as the second step. Finally, a fully coalesced AIN layer with many
voids was demonstrated, as shown in Fig. 4(f). Given the regrowth
behavior, the low V/III ratio, which means decreased NH; gas flow,
preferentially induces the overgrowth of AIN at the top region of the
Al-polarity nanorods. Furthermore, the introduction of the pulsed
layer additionally promoted surface coalescence and crystal quality
of AIN.** The AIN thickness is ~5.5 ym. The total AIN thickness is
relatively thinner than those of the other groups that have used the
nano-patterned sapphire substrate substrate, and therefore, there is
room to increase the thickness for high crystal quality AIN.*®

Figure 5 shows the characterization of regrown AIN with pulsed
and a V/III ratio of 10 in the cross-sectional position. Figures 5(a)
and 5(b) show the SEM cross-sectional images of regrown AIN,
which correspond with the CL spectra measured under an accel-
eration voltage of 5 kV, as shown in Fig. 5(c). We observed only
the deep-level emission of regrown AIN from 250nm because
of the wavelength limitation of the CL system. The CL spectra
were measured between 300 and 500 nm at three points consist-
ing of above the voids (region A), near the voids (region B), and
beneath the voids (region C), as indicated in Figs. 5(a) and 5(b),

TABLE II. The XRC FWHMs of PSEE AIN and regrown AIN depending on the growth conditions.

Sample (002) FWHM (Arcsec) (102) FWHM (Arc sec)
PSEE NRs KOH 10s 250 470
Regrowth V/III ratio 300 320 560
Regrowth V/III ratio 10 320 430
Regrowth  V/III ratio 300 with pulsed growth 310 425
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FIG. 4. Schematic illustration of the growth process for PSEE AIN nano-rods and regrown AIN samples. (a) and (b) indicate the fabrication of PSE AIN and PSEE AIN NRs.
The epitaxial growth mechanisms of regrown AIN samples depending on the V/llI ratio are shown in (c)—(f).

respectively. The origin of these peaks was attributed to the
oxygen-related impurities (V,-On and V,-20y), but further
studies are needed to establish the exact origin.® These deep-
level emissions were reduced with increasing growth thickness of
regrown AIN, as shown in Fig. 5(c). In particular, the impurity

emissions were nearly eliminated at the top AIN region. Figure 5(d)
shows a cross-sectional TEM image with a zone axis of [1-100]
shows a high density of dislocations near the interface between the
AIN and sapphire. A two-beam condition with a g-vector (11-20)
was used to observe the behavior of edge and mixed dislocations.
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FIG. 5. Characterization of regrown AIN with pulsed growth and a V/IlI ratio of 10 in the cross-sectional position. SEM cross-sectional images of the region for (a) regrown AIN
and (b) AIN nano-rods and the interface between AIN and the sapphire substrate. (c) CL spectra in accordance with positions in SEM images. (d) The TEM cross-sectional

image of regrown AIN with the zone axis [1-100] under the two-beam condition. () The SAED patterns of regrown AIN.
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FIG. 6. Characterizations of conventional AIN and regrown AIN with pulsed growth and a V/ll ratio of 10. (a) Raman spectra of conventional AIN and regrown AIN. The AFM

images of (b) conventional AIN and (c) regrown AIN.

However, the upper region of the void shows a significantly reduced
dislocation density. We observed two dislocation reduction mecha-
nisms in regrown AIN using TEM analysis. First, the white dotted
line indicates the controlled dislocation during the PSE growth pro-
cess. Our previous study reported that the Al-polar region inherently
has low dislocation densities, as compared with the N-polar region
in mixed-polarity AIN.>* The other dislocation reduction mecha-
nism in regrown AIN is indicated by the yellow dotted line. The
dislocations are blocked by voids, which are formed during the
AIN regrowth process. Therefore, the upper AIN of voids region
shows considerably reduced dislocations, as compared with the
lower region. Figure 5(¢) shows the SAED pattern of the regrown
AIN. The SAED pattern taken from the top AIN region indicates a
clear hexagonal pattern.

Figure 6 shows the comparison results of Raman and AFM
between the conventional AIN and AIN regrown on the PSEE
nanorods. The XRC FWHMs of conventional AIN are 240 and 460
arc sec for (002) and (102), respectively, whose values are similar
to those of AIN regrown on PSEE nanorods. The Raman spectra of
the conventional AIN and AIN regrown on the PSEE nanorods were
measured, as shown in Fig. 6(a). The peak E? (high) phonon fre-
quencies of the conventional AIN and AIN regrown on the PSEE
are 659.2 and 658 cm ™", respectively. It was reported by Prokofyeva
that the phonon frequency of strain-free AIN is 657.4 cm ™ for the E*
(high) phonon mode.”” The Raman phonon peaks related to the AIN
sample types were shifted to the higher-frequency side than those
of the strain-free AIN. These peak shifts were caused by residual
compressive strain because of mismatches in the thermal expan-
sion coefficient between AIN and the sapphire substrate.”® The E?
(high) phonon frequency peak of the AIN grown on PSEE was 658
cm Y, which is closer to the strain-free AIN than planar AIN. These
results suggest that the compressive strain in AIN grown on PSEE
NR is relaxed by void formation.” Figures 6(b) and 6(c) show the
AFM surface morphology of conventional AIN and regrown AIN on
PSEE. A step terrace surface was observed in both samples. However,
the rms roughness of regrown AIN on PSEE (Rq: 0.082 nm) is much
lower than that of conventional AIN (Rq: 0.135nm). These results
imply that the residual compressive strain of the AIN layer grown on
the PSEE nanorod template was considerably relaxed by introducing
voids, compared to that of conventional AIN.

In summary, we first demonstrated the AIN template with
many voids using PSEE using the MOCVD system without any
lithography process. A fully merged AIN layer with voids was
obtained using epitaxial lateral overgrowth by the low V/III ratio and
NH3 pulsed epitaxy during the regrowth process. The role of voids
in the AIN material was confirmed by TEM, HR-XRD, CL, Raman,
and AFM measurements. The formation of voids in the AIN layer
induced the enhancement of the crystal quality and relaxation of the
residual strain in the AIN layer. In addition, the formation of voids
is expected to enhance the LEE of the DUV LED by refracting the
UV light emitted from the MQWs through further studies.

This work was supported by the KIST Institutional Program
(Project No. 2E30100-20-039) and by the National Research Foun-
dation of Korea (NRF) grant funded by the Korea Government
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