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Herein, the dislocation defects of an aluminum nitride (AIN) template heteroepitaxially grown by metal-organic
chemical vapor deposition are exposed by phosphoric acid etching. The effect of dislocation-related V-shaped
pits preparation on the strain of AIN epilayer is intensively studied. The results show that the dislocation defect
etching leads to a strain gradient elongating along the growth direction of AIN and alleviates its initial tensile
strain. Through a secondary epitaxy on the dislocation-etched AlN, it further reveals that the strain evolves into
compressive strain state accompanied by surface cracking inhibition. It provides an effective way of stress
regulation by dislocation-related etching and can be developed as a mask-free lateral epitaxial growth technique

for high-performance AIN template preparation.

1. Introduction

As a direct wide and tunable bandgap semiconductor, aluminum
gallium nitride (AlGaN) material has been used as the core material for
developing deep ultraviolet (DUV) optoelectronic devices, such as DUV
light-emitting diodes for environmental disinfection and public health in
COVID-19 epidemic and solar-blind photodetectors for corona leakage
detection in the field of ultra-high voltage power grids [1, 2]. Due to the
absence of homogeneous substrates, the aluminum nitride (AIN)
monocrystalline substrate is regarded as the ideal substrate for the
preparation of AlGaN-based DUV optoelectronic materials. However, to
date, it has been heavily restricted by its size and price under the existing
mainstream  physical vapor transport method such as
sublimation-recondensation [3]. The heteroepitaxial growth of AIN on a
lattice-mismatched sapphire substrate (so-called the AIN template) by
metal-organic chemical vapor deposition (MOCVD) has been thus
extensively developed as an alternative in the field of DUV optoelec-
tronic devices [4, 5]. Unfortunately, although the sapphire acted as a
heterogenous substrate, it has the advantages of low cost, availability in
large dimension and transparency in the full UV-band perfectly meeting
the operational waveband of the AlGaN material. However, there are
some drawbacks that hinder the quality of AIN templates, mainly
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including the large lattice and thermal mismatch between AIN and
sapphire, poor migration capacity of aluminum atoms on the sapphire
surface as well [6]. These lead to a large density of dislocation defects
and strong strain in the AIN templates. It is of great significance to
disclose the relationship between dislocation defects and strain in the
heteroepitaxial AIN templates, which will have a vital role for the
optimal growth of AIN templates.

Herein, the comparative experiments of the AIN templates hetero-
epitaxially grown by different processes are carried out at first. The in-
fluence of dislocation-related V-shaped pits preparation on the strain of
the AIN template is then demonstrated in detail. The related research is
potential to develop a mask-free lateral epitaxial growth of AIN template
by secondary epitaxy on the surface of V-shaped pits.

2. Experimental procedure

2.1. Detailed epitaxial growth of AIN template by continuous growth
pattern

The AIN templates were grown on 2 in. c-plane sapphire substrates
by MOCVD using the different processes. In the process of epitaxial
growth, trimethylaluminium and ammonia (NH3) were used as Al and N
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Fig. 1. (a) Transients of curvature and emissivity-corrected temperature for continuous growth of AIN. (b) The surface morphology of S1a. (c) Transients of
curvature and emissivity-corrected temperature for two-stage growth of AIN. The surface morphologies of S2;y at (d) primary epitaxy, (e) after H3PO,4 etching, and
(f) secondary epitaxy. (g) AFM image for S2,y at primary epitaxy stage. (h) AFM image of S2,;y at secondary epitaxy stage.

precursors while hydrogen as the carrier gas. The continuous growth
pattern was based on the conventional two-step growth method with a
thin mesothermal (MT-AIN) interlayer. In Fig. 1(a), the schematic layers
(inset) identified by numbers correspond to the different growth stages
marked with the same numbers strictly. The growth commenced with

the sapphire substrate thermally desorbing at 1200 °C under a hydrogen
atmosphere for 60 s. Then, a 36 nm-thick low-temperature AIN (LT-AIN)
nucleation layer (NL) was deposited on the sapphire at about 950 °C
with a reactor pressure of 5 kPa and a V/III ratio of about 2000. Sub-
sequently, the growth temperature was risen up to 1330 °C with a ramp
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Fig. 2. The rocking curves of the (0002) and (102) planes for the two samples.

rate of 1.2 °C/s. During this process, the LT-AIN NL was recrystallized
under the NH3 atmosphere. After then, an about 240 nm-thick high-
temperature AIN (HT-AIN) epilayer was grown at 1300 °C with a reactor
pressure of 4 kPa and a V/III ratio of about 200. Subsequently, a 60 nm-
thick MT-AIN interlayer was grown at 1050 °C with a V/III ratio of about
700 and a reactor pressure of 4 kPa. Finally, an about 1.5 pm-thick HT-
AIN epilayer was grown at the same conditions of 240 nm-thick HT-AIN.
The whole material then cooled down to room temperature naturally.

2.2. Detailed epitaxial growth of AIN template on two-stage growth
pattern

The two-stage growth pattern included primary epitaxy and sec-
ondary epitaxy on etched AIN, as shown in Fig. 1(b). The primary
epitaxy process was the same as the continuous growth pattern
mentioned above. The only difference was that the thickness of the HT-
AIN layer grown after the MT-AIN layer was only 370 nm. Before the
secondary epitaxy, the primary epitaxial AIN was firstly etched by 85 wt
% phosphoric acid (H3PO4) solution to form V-shaped pits located at the
dislocation defects and then cleaned for secondary epitaxy (for details,
see below). During the process of secondary epitaxy, the etched AIN
template was thermally desorbed at 1200 °C under a hydrogen atmo-
sphere for 480 s. After then, an about 1.6 pm-thick HT-AIN epilayer was
grown at 1300 °C with a reactor pressure of 4 kPa and a V/III ratio of
about 200. Finally, the sample was allowed to naturally cool down to
room temperature.

2.3. Wet etching of primary epitaxial AIN

In the part of wet etching primary epitaxial AIN, the H3PO4 solution
with a concentration of 85 wt% was used as the etching agent. It was
conducted at a constant temperature of 80°C for 100 min to ensure that
the dislocation defects of AIN were etched. Before carrying out sec-
ondary growth, the etched AIN template was cleaned with low con-
centration sodium hydroxide solution, deionized water, acetone and
isopropanol in sequence. Then, it was dried in a nitrogen atmosphere at
150°C for 60 min. Finally, it was desorbed by inductively coupled
plasma for 2 min at a power of 200 W to further clean its surface.

2.4. Characterization

We used an in-situ optical monitoring system (LayTec AG) to record
the transients of curvature and temperature during the epitaxy. A

scanning electron microscope (SEM, Hitachi S4800) and an atomic force
microscope (AFM, Veeco multi-mode) were used to characterize the
surface morphology of AIN. The SEM was operating at a voltage of 5 kV.
The asymmetrical reciprocal space mapping (RSM) images around (105)
reflection of AIN were characterized by a high-resolution X-ray
diffractometer (XRD, Bruker D8) with a Cu Ka; radiation of 1.5406 /o\,
which was operating under a voltage of 40 kV and a current of 40 mA.
For the asymmetric crystalline plane, a slight incidence mode was
adopted during the XRD measurement. The room-temperature stress
state was analyzed by Raman scattering spectra which were recorded in
backscattering geometry with a 532 nm laser (LAS-532-100-HREV,
HORIBA) as the excitation source.

3. Results and discussion

The comparative experimental results of the AIN templates hetero-
epitaxially grown by different processes are shown in Fig. 1. All detailed
growth information can be referred to in Experimental Section. In Fig. 1
(a), it presents the transients of curvature and emissivity-corrected
temperature for the continuous growth pattern. The evolution of cur-
vature for this AIN sample (labeled as S11y) gradually increases from 85
km~! (c1) to 235 km ™! (¢2), and then levels off. The lattice mismatch
and the different thermal expansion coefficients between substrate and
AIN lead to the upward tendency of curvature. The change of constant
curvature increase (bowing of curvature transient) proves ongoing
relaxation process during growth. The curvature leveling off at c2 rep-
resents the onset of cracking visible in increasing scatter of curvature
data, which can deduce that the AIN epilayer releases strain thoroughly
through visible cracking after c2. The surface morphology with plenty of
cracks in Fig. 1(b) is a good illustration of our deduction. In Fig. 1(c), it
shows the preparation of AIN (S2a1n) by a two-stage growth pattern, in
which the primary epitaxy is similar to that of S1an. In this stage, the
evolution of curvature gradually increases from 60 km™! (¢3) to 150
km™! (c4). The related surface morphologies are shown in Fig. 1(d) and
(g), which present a smooth surface with a root-mean-square (RMS)
roughness of 0.13 nm for a scan area of 5 x 5 pm?. The pre-grown AIN is
etched to form dislocation-related hexagonal V-shaped pits (denoted by
red arrows in Fig. 1(e)). The secondary epitaxy is carried out on the
etched AIN. In this stage, the evolution of curvature is also shown in
Fig. 1(c), which undergoes a process of decreasing from a high level of
180 km ™! (c5) to alow one of 120 km™! (c6), and then slowly increasing
to 160 km ™. The secondary epitaxial AIN presents a crack-free surface
and has clear atomic steps with an RMS roughness of 0.867 nm in a scan
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Fig. 3. (a) SEM image of V-shaped pits on AIN surface. (b) and (c) V-shaped pits with two main geometric structures. (d) AFM image for a typical a-type V-shaped pit.

(e) The dimensions of the a-type V-shaped pit.

area of 10 x 10 umz, as shown in Fig. 1(f) and (h).

In addition, the rocking curves of the (0002) and (102) planes for the
continuously grown AIN template and the AIN grown on etched tem-
plate (two-stage growth one) with the same thickness are presented in
Fig. 2(a) and (b). The full width at half maximum (FWHM) values of
(0002) plane and (102) plane for the two-stage growth one are about 89
arcsec and 825 arcsec while those for the continuous growth one are
about 120 arcsec and 1013 arcsec. As is well known, the FWHMs of
(0002) plane and (102) plane rocking curves are usually used to evaluate
the screw and edge dislocations of the epitaxial material. In the case of
randomly distributed dislocations, the screw dislocation density (ps) and
the edge dislocation density (p,) can be evaluated to be 1.71 x 107 cm ™2
and 6.96 x 10° cm 2 for the two-stage growth one, 3.13 x 107 cm 2 and
1.04 x 10'° em™2 for the continuous growth one using the existing
evaluation method [6, 7]. This means that the quality of the two-stage
growth one is improved.

The improvement can be ascribed to the strain regulation by pre-
paring dislocation-related V-shaped pits on primary epitaxial AIN. Fig. 3
(a) presents the enlarged surface morphology of Fig. 1(e). As is well
known, the wet chemical etching is a common technique for

investigating surface defects of semiconductors [8, 9]. Therefore, a se-
ries of hexagonal V-shaped pits are formed on the surface of AIN after
wet etching, whose locations originate from the dislocations of AIN. The
dimension and geometric structure of the V-shaped pits tightly depend
on the solution temperature and the etching time in the experiment,
which has been detailedly studied in ref. 10. As can be seen, there are
mainly two types of V-shaped pits screw (a) and edge () observed. The
a-type V-shaped pit in Fig. 3(b) presents a hexagonal inverted trape-
zoidal shape while the p-type one in Fig. 3(c) is in a hexagonal inverted
pyramid-like shape, both of which are comparable to Ravi et al. reported
in 2018 [11]. The AFM image and its dimension for a typical a-type
V-shaped pit are illustrated in Fig. 3(d) and (e), respectively. Its lateral
size is statistically evaluated to be ranging from 1.5 pm to 1.7 pm, and
the etching depth is about 709 nm, which is consistent with the thickness
of the primary epitaxial AIN. This means that the dislocation is
completely etched away by acid in the a-type V-shaped pit. In the g-type
V-shaped pit, the etching depth is insufficient to penetrate the disloca-
tion of AIN.

In order to analyze the effect of the dislocation-related V-shaped pits
of the heteroepitaxial AIN template on its strain, the strain evolutions
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Fig. 4. The typical RSM images around (105) reflection for AIN. (a) primary
epitaxy, (b) after etching, and (c) secondary epitaxy.

before and after the special treatment are studied. As seen in Fig. 4(a) to
(c), they present the typical asymmetrical RSM images around (105)
reflection for AIN under the conditions of as-grown, after H3PO4 etching,
and secondary epitaxy on etched AIN, respectively. The asymmetrical
RSM is an effective way to evaluate the strain characteristic of the het-
eroepitaxial semiconductor. In each RSM image, a well-resolved main
peak with a series of contour lines is presented. The coordinates g, and
g are in directions parallel and vertical to the AIN epilayer surface. The
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reciprocal lattice point (RLP) denoted as (g, q) for fully relaxed AIN
can be calculated as (-3.71, 10.037) for its (105) reflection by the lattice
constant functions [12]. In Fig. 4(a), the RLP of the main peak for the
as-grown AIN is measured as (-3.713, 10.038). In comparison with full
relaxed AIN, the deviation in g,direction indicates the as-grown AIN
suffers from tensile strain caused by the lattice mismatch to the sub-
strate. In Fig. 4(b), the RLP for the peak of the etched AIN is measured as
(-3.711, 10.037), which presents a reduction in tensile strain. In addi-
tion, the broadening of the low-intensity RSM component in the g,dir-
ection indicates the formation of strain gradient elongating along the
direction perpendicular to its surface. This result is related to the etched
V-shaped pits destroying the dislocation defects of the AIN epilayer, and
further alleviating its residual stress. As is known to all, in the hetero-
structure material system, it becomes energetically favorable to relieve
mismatch strain by the formation of misfit dislocations at the hetero-
interface [13]. Once the dislocations begin to form and propagate at the
heterointerface, strain relaxation is taken place in the epilayer [14].
Fig. 4(c) presents the RSM image of the secondary epitaxial AIN on the
etched AIN. As can be seen, its RLP of the main peak is located at (-3.709,
10.037), indicating that a small compressive strain is beneficial to sup-
press the surface cracking of AIN. Moreover, the low-intensity RSM
component around the peak is narrower than that of Fig. 4(a) and (b)
which means the improvement of the crystal quality. The result can be
originated from the mask-free lateral epitaxial growth of AIN during the
secondary epitaxy on the V-shaped pits.

To further understand the effect of dislocation defects etching on film
strain, the Raman spectra for primary epitaxy, after etching, and sec-
ondary epitaxy samples are presented in Fig. 5(a). In addition to the
peaks of the (0001)-oriented sapphire, the spectra of three samples
exhibit two other peaks, corresponding to the non-polar Ep(high) and
polar A;(LO) photon modes which are allowed for (0001)-oriented
wurtzite structure AIN [6]. The unstrained phonon frequency of
Ea(high) for AIN at room-temperature is located at 657.4 em L. As
shown in Fig. 5(b), as a main phonon mode, the Ey(high) peaks of the
three samples are located at 654.45 cm’1,654.93 em™ !, and 658.65
em™!, respectively, with a trend indicated by the dotted arrow. In fact,
the frequency shift of the phonon mode is tightly related to the stress
state in the heteroepitaxial material. Due to the existence of the residual
tensile strain, the frequency of Ex(high) will shift to the lower side of the
strain-free position. On the contrary, it will shift to the higher side due to
the residual compressive strain. Therefore, the as-grown and after
etching samples appear as tensile strain while the secondary epitaxy
sample appears as compressive strain. However, the etched AIN has a
slight frequency shift compared with the as-grown one, indicating the
reduction of tensile strain due to the destruction of the dislocation de-
fects. These results are quite in agreement with the RSM images
mentioned above.

4. Conclusions

In summary, we prepare hexagonal V-shaped pits along the dislo-
cation defects of heteroepitaxial AIN material by wet etching, and the
effect of dislocation defects etching on its strain is intensively studied.
The result shows that the destruction of dislocation defects forms strain
gradient elongating along the growth direction of AIN and alleviates its
initial tensile stress. During the secondary epitaxy process, the AIN
epilayer evolves into compressive strain state accompanied by the
improvement of crystalline quality due to the destruction of initial
dislocation defects and the lateral epitaxial role of the V-shaped pit
surface.
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