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The high-quality semi-polar (11-22) AlN thin films were grown on m-plane

sapphire substrates by hydride vapor phase epitaxy (HVPE). The surface

morphology and crystalline quality of the AlN film were greatly influenced by

the growth temperature and the substrate miscut angle. As the temperature

increased, the grain size on the surface increased and the grain density

decreased. In addition, the higher growth temperature also resulted in

smaller values of the full width at half maximum (FWHM) of X-ray rocking

curves (XRC) when temperature wasmore than 1,460 °C. At high temperature of

1,530 °C, the introduction of 1° -off miscut angle to the substrate resulted in

smooth surface, low density of stacking faults and low FWHM of XRC. Themisfit

dislocation density was calculated from the tilt angle of epilayer measured by

X-ray reciprocal space mappings along [−1−123] AlN. The misfit dislocation

density of the sample grown on 1° -off substrates was 6.7 × 105 cm−2. The

improvement of crystal quality is believed to be due to the enhancement of

adatom mobility at higher temperatures and also the appropriate miscut

variation.

KEYWORDS

AlN, Semi-Polar, HVPE, temperature, miscut angle

Introduction

Recently, research on semi-polar III-nitrides materials and devices, mainly GaN and

AlN, has attracted much attention due to the greatly weakened Quantum Confined Stark

Effect (QCSE) of optoelectronic devices based on the semi-polar nitrides [1–4]. High-

quality semi-polar GaN and AlN are typically grown on homoepitaxial substrates cut

from thick bulk crystals, but this approach is limited by small size and high cost [5–7]. To

OPEN ACCESS

EDITED BY

Chenguang He,
Guangdong Academy of Sciences,
China

REVIEWED BY

Lisheng Zhang,
Peking University, China
Hao Long,
Xiamen University, China

*CORRESPONDENCE

Liu Ting,
liuting2021@buct.edu.cn
Zhang Jicai,
jczhang@mail.buct.edu.cn
Sun Wenhong,
20180001@gxu.edu.cn

SPECIALTY SECTION

This article was submitted to
Interdisciplinary Physics,
a section of the journal
Frontiers in Physics

RECEIVED 22 October 2022
ACCEPTED 03 November 2022
PUBLISHED 23 November 2022

CITATION

Maosong S, Ting L, Yong L, Shuxin T,
Xu L, Jicai Z and Wenhong S (2022),
Influence of growth temperature and
miscut angle of m-plane sapphire
substrate on the semi-polar (11–22) AlN
film grown by HVPE.
Front. Phys. 10:1076895.
doi: 10.3389/fphy.2022.1076895

COPYRIGHT

© 2022 Maosong, Ting, Yong, Shuxin,
Xu, Jicai and Wenhong. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Physics frontiersin.org01

TYPE Original Research
PUBLISHED 23 November 2022
DOI 10.3389/fphy.2022.1076895

https://www.frontiersin.org/articles/10.3389/fphy.2022.1076895/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1076895/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1076895/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1076895/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.1076895/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2022.1076895&domain=pdf&date_stamp=2022-11-23
mailto:liuting2021@buct.edu.cn
mailto:jczhang@mail.buct.edu.cn
mailto:20180001@gxu.edu.cn
https://doi.org/10.3389/fphy.2022.1076895
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2022.1076895


resolve this issue, semi-polar GaN is directly grown on a foreign

substrate, such as m-plane sapphire or trenches in c-plane

sapphire with trenches [6, 8]. In contrast, it is difficult to

obtain semi-polar AlN on foreign substrates with high crystal

quality and flat surface because of the large lattice mismatch,

thermal mismatch, and anisotropy [9, 10]. The flat surface

morphology is extremely important for the application of AlN

since high-quality optoelectronic devices must be fabricated on

atomic scale AlN substrate [11–13]. In general, controlling the

strain of epilayer during growth is an effective way to obtain

high-quality epitaxial films with flat surface. The strain relaxation

mechanism in AlN films is related to the specific slip systems of

the wurtzite structure [14]. The driving force for the tilt

formation and glide of misfit dislocation (MD) is caused by

an active <11-20>-slip system [7]. For c-plane AlN films, it is well

known that the misorientation caused by miscut sapphire

substrates strongly affects the crystallization quality and

surface morphology of the epitaxial layers [11]. However,

there are few studies on the effect of growth temperature and

substrate misorientation of semi-polar (11-22) on the quality of

AlN, in which the threading dislocations (TDs) present on the

(0001) slip plane bend and slip to release the mismatch

stress [15].

In this paper, semi-polar (11-22) AlN films were grown

on m-plane (10-10) sapphire by hydride vapor phase epitaxy

(HVPE). We investigated the influence of growth

temperature and substrate misorientation on the stress

release of semi-polar (11-22) AlN. The epitaxial layer

stress relaxation was found to be associated with the tilt of

the (11-22) AlN films along the [-1-123] AlN. At high

temperature of 1,530°C, the introduction of 1 off miscut

angle to the substrate resulted in smooth surface, low

density of stacking faults and low FWHM of XRC.

Combining temperature and appropriate miscut variation

is an effective method to rapidly obtain high-quality (11-

22) AlN thick film.

Materials and methods

The semi-polar (11-22) AlN was grown on home-made

horizontal HVPE. Two kinds of m-plane sapphire were used

as substrate. The miscut angle of the m-plane sapphire substrate

tilts towards the (10-12) plane along the [0001]. HCl and

ammonia were used as input active gases. Before AlN

deposition, HCl flowed over Al source to form gaseous

aluminum chlorides at 550°C. The pressure was kept at

10 Torr during the growth. At first, m-plane sapphire

substrate is heated to nitridation temperature in the carrier

gas and kept for 10 min in H2 ambient to remove the surface

oxide and achieve thermal stability. Next, sapphire nitridation is

performed between 1,200°C and 1,500°C for 10 min under the

ambient of NH3 (0.5 SLM), followed by the growth of 80 nm

buffer layer at the nitridation temperature. Then the sapphire

substrate is heated to 1,500°C and a thickness of 2.9 µm AlN film

is grown with a V/III ratio of 30. A summary of growth

conditions for four samples are listed in Table 1.

High-resolution X-ray diffraction (HRXRD) were

performed on a PANalytical X’Pert3 MRD diffractometer

system, using four-crystal Ge (220) as the monochromator.

The X-ray source was Cukα1 with a wavelength of

0.1540598 nm. HRXRD was used to measure the degree of

tilt by (11-22) AlN mapping and the tilt of the epilayer lattice

for heteroepitaxial (11-22) AlN films on [(10-10) sapphire

substrates. The anisotropy of the tilt was observed by X-ray

mapping paralleled to the orthogonal in-plane directions.

The scanning electron microscope (SEM) was used to observe

the surface morphology of AlN films.

Results and discussion

Figure 1 shows the symmetric XRD 2θ-ω scans of all AlN

samples, where the diffraction peaks at 71.25° and 68.2°

correspond to AlN (11-22) and sapphire (30-30),

respectively. All samples are verified to be (11-22) single-

phase since only one AlN diffraction peak is observed.

Besides, the heteroepitaxial relationship between AlN and

sapphire is determined as (11-22) AlN//(30-30) sapphire.

Moreover, the in-plane crystal orientation relationship

between AlN and sapphire is [1-100] AlN//[11-20] sapphire

and [-1-123] AlN//[0001] sapphire, which is in consistent with

the previously reported (11-22) AlN epilayers grown by

plasma-assisted molecular-beam epitaxy and metal organic

vapor phase deposition [16, 17]. From samples A, B and C, it

is found that the FWHM of AlN (11-22) diffraction peak

decreases and the peak intensity increases with the increasing

growth temperature, which indicates the high growth

temperature helps to improve the crystal quality of the

(11-22) AlN film.

In addition to the crystal quality, the surface morphology

of these semi polar AlN films is also obviously different. As

shown in Figures 2, 3D islands are prevalent on the surface of

samples A, B and C, resulting in a pronounced rough surface

of the (11-22) AlN film. Interestingly, with the temperature

increasing from 1,380 C to 1,530 C, the surface of the (11-22)

AlN film could not merge, while the grain size gradually

increases. This phenomenon can be explained that the

migration capability of Al atom is sensitive to the

temperature. It is well known that the bond energy of

Al–N bond (2.88 eV) is much larger comparing to Ga-N

(2.2 eV) and In-N (1.93 eV) bonds, leading to a smaller

surface mobility and shorter diffusion length of Al atom

[18]. As the growth temperature increases from 1,380 C to

1,530 C, the enhanced Al atom mobility promotes the growth

of grains, so the grain size increases and the grain density
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decreases obviously as shown in Figures 2A–C and Table 1.

However, increasing the growth temperature does not make

(11-22) AlN step flow growth. Even at the high temperature of

1,530°C (11-22), AlN surface still does not merge. To promote

AlN surface merging, a 1° -off m-plane sapphire substrate is

introduced to solve this problem. As illustrated in Figure 2D,

the surface of the semi-polar (11-22) AlN films becomes

smooth when using high growth temperature of 1,530°C

and 1° -off miscut substrate simultaneously. Under these

conditions, the FWHM of (11-22) AlN XRC is further

reduced, indicating that the crystal quality is further

improved, as shown in Figure 3.

X-ray rocking curve (XRC) measurements are performed on

all samples to characterize the crystal quality of semi-polar (11-

22) AlN films. HRXRD is used to measure the FWHM of

symmetric and skew symmetric crystallographic plane caused

by dislocations, which can be used to calculate the density of

dislocations (11-22), and we utilized the modified-Williamson-

Hall plot to linearly fit the (h0-h0) XRD data, from the intercept,

the stacking fault could be calculated [23]. Figure 3A shows the

FWHM of symmetric scan AlN (11-22) XRD as a function of

azimuth angle. When the growth temperature below 1,460 C for

samples grown on substrate without miscut angle, the FWHM

values almost unchanged along all the azimuth angles. However,

when the temperature increases to be 1,530°C, the crystal quality

is improved significantly. Sample D has the smallest values at all

azimuth angles, which indicates the substrate with a miscut angle

of 1 is indeed beneficial to improve the crystal quality of epilayers.

The skew symmetric scans of AlN (10-10), (20-20), and (30-30)

XRD are conducted to evaluate the basal stacking-faults in semi-

polar (11-22) AlN as shown in Figure 3B. Obviously, as the

growth temperature increases, the FWHM values decrease for all

three diffractions as the growth temperature increase, which

indicates that the increase of growth temperature can decrease

the density of stacking faults. Sample D has the smallest FWHM

values for all three skew symmetric scans, which indicates the

miscut angle of the substrate benefits for the decrease of basal

stacking faults.

Superficially, the growth temperature and substrate off-angle

improve (11-22) AlN crystal quality and surface morphology.

Essentially, these changes are due to the modulation of the stress

release of the AlN epitaxial layer by the growth temperature and

substrate off-angle. In order to explore the mechanism of stress

release, we measured the HRXRD reciprocal space maps (RSMs)

using the triple-axis diffractometer. The RSMs are obtained by

taking a series of ω–2θ scans at successive ω values and

presenting the results in the 2D plane. The intensity shown in

RSMs is normally a projection of the ω scan spots intensity onto a

2D plane. Figure 4 shows the symmetric (11-22) AlN RSMs along

the [1-123] AlN direction. The specific direction of RSMs could

directly test the interplanar tilt between the epitaxial layer and

substrate in the same direction displaying by the tilt angle. The

tilt angle is shown in Figure 4D, which is the angle between (30-30)

sapphire to Origin of reciprocal space (0, 0) and (11-22) AlN to

Origin of reciprocal space (0, 0). In wurtzite nitrides, there is a

relationship between epitaxial tilt and dislocation density. Therefore,

it is necessary to regulate stress during early growth. Through

Figure 4, both growth temperature and substrate miscut are

found to influence the epitaxial tilt angle, the results shown in

Figure 5.

Figure 6 shows the schematic of MD configuration in semi-

polar (11-22) AlN films. In wurtzite nitrides, the basal

{0001, <11-20>} is the main slip system [7, 14], thereby the

MD in semi-polar nitrides are formed by the glide of threading

dislocations in semi-polar nitrides. In semi-polar (11-22) AlN

TABLE 1 Growth conditions and structural characterization of samples A, B, C, and D.

Sample Temperature (°C) miscut (°) Grain density (cm−2) MD density (cm−2)

A 380 0 2.1 × 108 9.9 × 105

B 1,460 0 0.9 × 108 8.6 × 105

C 1,530 0 0.1 × 108 7.9 × 105

D 1,530 1 0 6.7 × 105

FIGURE 1
XRD 2θ-ω scans for samples (A–D).
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grown on m-plane sapphire, the lattice mismatch along the in-

plane [1-100] AlN is 13.28%, while it is -9.61% along the [-1-123]

[24]. As a result (11-22), AlN film are in compressive strain along

the in-plane [1-100] and in tensile strain along [-1-123].

Therefore, a large number of MD are formed due to the large

lattice mismatch between the (11-22) AlN film and the m-plane

FIGURE 2
Surface morphology of samples (A) A, (B) B, (C) C and (D) D measured by SEM.

FIGURE 3
(A) FWHM of AlN [1–12] rocking curves as a function of azimuth angle, and (B) the FWHM of AlN [13], [10] and (30-30) rocking curves.
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sapphire substrate. Comparing to the c-plane of wurtzite

nitrides, the shear stress exhibits an in-plane anisotropic

distribution on the semi-polar plane. Specifically, along the

[-1-123] AlN direction and the [1-100] AlN direction, the shear

stress are maximum and 0, respectively. Therefore, epitaxial

tilt occurs along the in-plane [-1-123] AlN direction, and the

Burgers vector b of MD is a/3 < 11-20>. According to the

formula of tilt [7]:

α � bedge, ⊥ · ρMD � b sin χ · ρMD (1)

where α is tilt angle, bedge, ⊥ is the component of b at the MD

direction, ρMD is the density of MD, b is the Burgers vector, and χ is
the inclination angle as 58°. TheMDdensity of samplesA, B, C andD

are thus calculated, which is shown in Table 1. High-density MD

make samples difficult to coalesce on the surface, while low-density

MD is not conductive to complete stress relief, resulting in large-area

crack of the epitaxial film. Therefore, proper MD density promotes

grain coalescence and stress relief as much as possible, thus obtaining

FIGURE 4
X-ray reciprocal space mappings along [−1−123] AlN for (A) Sample A, (B) Sample B, (C) Sample C, and (D) Sample D.

FIGURE 5
The influence of growth temperature on the tilt angles.
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high-quality (11-22) AlN films. In this work, the mismatch

dislocation of sample D were calculated to be 6.7 × 105 cm−2.

Conclusion

In summary, single-phase high-quality semi-polar (11-22)

AlN films were grown on m-plane sapphire substrates with

different miscut angles by HVPE. The semi-polar (11-22) AlN

films have the best crystal quality, corresponding to a

temperature of 1530 °C and 1° -off m-plane sapphire substrate.

The surface morphology and dislocation density of semi-polar

(11-22) AlN films are significantly influenced by the vicinal

angles of m-plane sapphire substrates. We found that a proper

MD density (6.5 × 105 cm-2) contributes to coalescence of (11-

22) AlN grains. Combining temperature and appropriate miscut

variation is an effective method to rapidly obtain high-quality

(11-22) AlN thick film.
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FIGURE 6
Schematic of misfit dislocation configuration in semi-polar (11-22) AlN films. (A) is cubic chart; (B) is cross-section drawn.
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