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ABSTRACT: Herein, the defect-related properties of an AlN sample prepared based
on the optimal process parameters by metal nitride vapor phase epitaxy (MNVPE)
were investigated. The FWHM values of the (0002)/(101̅2) planes of the sample by
MNVPE are 397/422 arcsec; the advantages of similar FWHM values of (0002) and
(101̅2) planes will have a huge advantage over other preparation methods such as
MOCVD. From the cross-sectional TEM images of the AlN sample, it is found that
the fusion of a large number of a + c type dislocations occur at the interface of the
low temperature buffer layer and the epitaxial layer, which affects the growth mode of
the epitaxial layer. The lower FHWM value of the E2(high) peak of the Raman
spectrum, the lower the point defect concentration, which made the sample gain
higher energy defect emission bands in the PL spectra and higher transmittance in
the UV−vis transmission spectrum.

■ INTRODUCTION
In recent years, with the global spread of COVID-19,
sterilization has become a part of people’s daily life. As the
material with the largest band gap in the III−V group (the
band gap is 6.2 eV1 at room temperature), AlN has great
application potential in the field of disinfection and sterilization
in the deep ultraviolet field.2,3 In addition, AlN also has many
other physical performance advantages, such as very high
thermal conductivity (3.20 W·cm−1·K−14), high piezoelectric
coefficient (4.9−5.1 pm·V−15), high radiation resistance,4,6,7

etc. Among them, the most potential is that due to the greater
thermal conductivity and critical electric field of AlN, AlN
devices are likely to surpass current GaN devices in the field of
high-voltage devices, AlN or AlGaN with high aluminum
content can withstand higher voltages, currents, and temper-
atures than Si or SiC.

At present, the main problem hindering the development of
AlN-based deep ultraviolet light source devices and high-
voltage power electronic devices is the inability to obtain native
AlN substrates with high crystalline quality and large area.
Therefore, there have been a large number of methods for
preparing single crystal AlN materials, such as metal organic
chemical vapor deposition (MOCVD),8,9 hydride vapor phase
epitaxy (HVPE),10−12 physical vapor transport (PVT),13,14

MNVPE,15−17 etc. Among them, the equipment used in the
MOCVD method has been widely used for many years, and
the process has been relatively mature; however, due to the fact
that the slow growth rate and the inevitable carbon pollution
limit large-scale applications, the MNVPE method is essentially

a chemical vapor deposition method in which Al vapor reacts
with N2 to directly deposit and grow a single crystal AlN thin
film on a sapphire substrate, while the PVT method is a purely
physical sublimation process and has the advantages of a fast
growth rate and environmental friendliness, but due to the late
start of research, its growth mechanism and defect evolution
mechanism are still in the initial stage.

■ EXPERIMENTAL SECTION
The MNVPE setup consists of a rotating graphite subsector
heated by induction in a vertical water-cooled cold-wall reactor
working at low pressure. Two independently controllable
temperature zones exist, in which one is for heating the
aluminum source (source zone) and the other one for growing
AlN (growth zone). Al vapor was generated in the source zone
by heating Al metal and transferred to the growth zone by Ar
gas (purity 99.999%). As summarized in Figure 1, the
preparation of sample S1 generally needs to go through the
following four processes: first, for the substrate pretreatment
process, the source zone was maintained at 1200 °C for 10 min
to provide sufficient Al vapor, while the growth zone was
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initially heated from room temperature to 400 °C; next, for the
low temperature buffer layer process, the source zone was
maintained at 1400 °C, while the growth zone was heated from
400 to 1200 °C for 10 min and the reactor pressure was
reduced to 10 kPa; afterward, for the formal growth process,
the temperature of the growth zone was then raised to 1550 °C
and the gas flow rate was set to the growth value for 1 h;
finally, for the annealing process, the Ar flow was stopped, and
the substrate was heated under a N2 atmosphere for 1 h at the
growth temperature, while sample S2 was obtained by the
commonly used MOCVD method with the common process
parameters.9,18,19

The sample morphologies were characterized atomic force
microscopy (AFM, Bruker MultiMode8). The Raman spectra
were obtained using the LabRAM HR Evolution system
(Horiba Jobin Yvon) at room temperature with a 532 nm solid
laser as the excitation source. The X-ray diffraction (XRD)
patterns were collected by a Bruker diffractometer (D8
FOUCUS) with Cu Kα radiation. The cross-sectional TEM
images were obtained by a transmission electron microscope
(JEM-2100F). The optical properties of the AlN layers were
examined via photoluminescence (PL) measurements at room
temperature with a 325 nm laser as the excitation source and

Figure 1. Flow chart of temperature and time for sample S1.

Figure 2. Schematic structure of the AlN sample growth on sapphire substrates and TEM cross section: (a) sample S1; (b) sample S2.
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UV−vis transmission spectra by the UV−vis spectrophotom-
eter (Hitachi U-3900).

■ DISCUSSION
Figure 2 illustrates the schematic structure of the AlN sample
growth on sapphire substrates and TEM cross section, sample

S1 was formally grown by the MNVPE method for 1 h. The
thickness was about 2 μm in Figure 2a, corresponding to a
growth rate of 2 μm/h, while sample S2 was officially grown by
the more mature MOCVD method for 1 h, and the thickness
was about 200 nm in Figure 2b, corresponding to a growth rate
of 0.2 μm/h, which was considered to be 10 times lower than
the MNVPE method. The surface morphology of the two
samples was investigated by AFM and is shown in Figure 3. As
shown in Figure 3a, atomically flat surfaces of AlN with straight
parallel steps and terraces are observed for sample S1,which are

similar to the microscopic surface of common HVPE,20

indicating the growth patterns of 2D layered stacks by the
MNVPE method, and the AlN tiny islands would coalesce for
sample S2 by the MOCVD method, resulting in a step-island
surface morphology in Figure 3b. Due to the difference
between the two growth modes for the two samples, the root
mean square (RMS) of sample S1 is significantly higher than
that of sample S2, reaching 1.22 nm. From the AFM results,
similar to the HVPE method, the surface flatness of the AlN
epitaxial layer prepared by the MNVPE method is more
difficult to control, in which the annealing process and
substrate treatment have been added to greatly improve the
surface flatness.

The HRXRD rocking curve (XRC) measurements were
performed to evaluate the crystal quality of AlN films for
different samples. XRC measurements of samples S1 and S2
for the symmetric (0002) plane and asymmetric (101̅2) plane
were carried out and are shown in Figure 4. As can be seen
from Figure 4, the full width at half-maximums (FWHMs) of
the (0002)/(101̅2) planes of samples S1 and S2 are 397/422
and 97/359 arcsec, respectively. It is well known that the
FWHMs of the (0002) plane and (1012) plane are closely
related to the screw dislocation density (Nscrew) and the edge
dislocation density (Nedge), respectively.

21−23 It can be seen
that the screw dislocation density of sample S1 differs from the
edge dislocation density value very slightly, which is a huge
advantage over other preparation methods such as MOCVD.8,9

To further quantitatively evaluate dislocation reduction, an
estimation of threading dislocation density (TDD) can be
realized by using the empirical formula:

Figure 3. AFM images of the surface morphology and the
corresponding roughness (10 × 10 μm): (a) sample S1; (b) sample
S2.

Figure 4. XRC measurements of samples S1 and S2 for the symmetric (0002) plane and asymmetric (101̅2) plane.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04626
ACS Omega 2022, 7, 41100−41106

41102

https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


=
× | |
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where β is the FWHM value of XRC and b is the Burgers
vector of corresponding dislocations (bscrew= 0.4982 nm, bedge=
0.3112nm24). Therefore, the TDDs (including Nscrew and
Nedge) in samples S1and S2 can be calculated to be 3.6 × 109

and 1.8 × 109 cm−2, respectively. It can be clearly noticed that
the TDD in sample S1 prepared by the MNVPE method is
exactly 2 times that of sample S2 prepared by the MOCVD
method under the conditions of the best process parameters at
present, which indicates that the growth mode plays an
important role in controlling the crystal quality. In addition,
the advantages of the similar Nscrew and Nedge in the MNVPE

method will improve the crystal quality in the future with the
continuous reduction of Nscrew.

To further study the evolution of dislocations, the cross-
sectional TEM images were recorded under two-beam
diffraction conditions in the g = (0002) and g = (112̅0)
directions in Figure 5. Generally, there are three types of
dislocations in the epitaxial growth of AlN crystal films,
namely, a type (edge type), c type (screw type), and a + c type
(mixed type). According to the visual principle, when g =
(0002), only a-type and a + c type dislocations can be seen;
when g = (112̅0), only c-type and a + c type dislocations can
be seen. As shown in Figure 5, most of the dislocations in
sample S1 are a + c type dislocations, but obviously, in sample
S2, similar to other preparation methods,10−14 c-type
dislocations are significantly more than a-type dislocations. In
addition, in sample S1, it can be clearly seen that there are a

Figure 5. Cross-sectional bright-field TEM images of the AlN samples: (a), (b) S1; (c, d) S2.

Figure 6. Normalized Raman spectra of the AlN E2(high) phonon
mode.

Figure 7. Room temperature PL profiles for AlN samples.
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large number of a + c type dislocation fusions at the interface
between the buffer layer and the epitaxial layer, and a large
number of voids of different shapes appear on the sapphire
substrate; the growth mode of 3D island-like mergers is
changed to that of 2D layered stacks with greatly reduced
dislocation density and fast growth rate.

Typical normalized Raman spectra of the AlN E2(high)
phonon mode are shown in Figure 6. V. Lughi and Clarke25

found that Raman spectroscopy can be used to assess the
defect density (mainly point defects) by monitoring the
FWHM of the E2(high) peak. As shown in Figure 6, the
FWHM of the E2(high) peak for sample S1 is 5 cm−1, which is
much lower than 10 cm−1 of sample S2. Generally, when the
FWHM value of the E2(high) peak is lower than 10 cm−1 (the
FWHM value of common AlN nanowires26,27), it indicates that
the integrity of the crystal is better and has fewer defects, so
both samples have better crystal quality, but obviously, sample
S1 has a lower defect density due to the growth method of the
2D layered stack of the MNVPE method. In addition, since the
E2(high) peak position is highly sensitive to the biaxial strain in
the c-plane, the difference between the E2(high) peak position

of the sample and the E2(high) peak position (657.4 cm−1) of
the unstressed AlN sample indicates the magnitude of the
residual stress. If the peak position shows red shifts of Raman
shift, this is the surface characteristic of the in-plane
compressive stress; conversely, if the peak position is blue-
shifted, this is the in-plane tensile stress. The in-plane
compressive stress was calculated according to the following
relationship:

= k xx

where Δω is the Raman shift of the E2(high) peak with respect
to unstressed AlN and k is the biaxial strain coefficient, 3.7
cm−1/GPa.28 The residual stresses of samples S1 and S2 are
405 and −243 MPa, respectively. Obviously, the in-plane stress
of sample S1 is tensile stress, and the stress value is much lower
than that of sample S2. This is because a large number of voids
generated by the decomposition of the sapphire substrate at
high temperature, and the low temperature buffer layer can
release a large amount of thermal stress generated during the
cooling process so that the AlN epitaxial layer can grow in a 2D
layered stacking mode with a higher rate and lower dislocation.

The PL profiles of samples S1 and S2 are presented in
Figure 7. Here, broad luminescence bands are observed at
around 400 (3.10 eV) and 525 nm (2.36 eV) and are
attributed to the formation of complexes between the nitrogen
vacancies (VN) and oxygen (O) impurities or DX-like shallow
donors.29−32 It can be clearly seen that the relative intensity of
the emission band at 400 nm for sample S1 is significantly
higher than that at 525 nm, the relative intensity and the width
of the emission band at 525 nm are significantly higher than
that at emission band at 400 nm for sample S2. As shown in
the SIMS depth profile of oxygen for samples S1 and S2 in
Figure 8, the O concentration of the AlN epitaxial layer of
sample S1 is much lower than that of sample S2, which is
completely consistent with the position and intensity of the
emission band in the PL spectrum. Obviously, the defect
emission band of sample S1 narrows to the high-energy edge,
which is due to the fact that fewer point defects (combined
with the analysis of the previous Raman spectrum) are more
likely to form shallow donor levels, so that the defects are more
likely to emit light at low wavelengths (high energy). In order

Figure 8. SIMS depth profile of oxygen for samples S1 and S2.

Figure 9. UV−vis transmission spectra of AlN films at room
temperature.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c04626
ACS Omega 2022, 7, 41100−41106

41104

https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04626?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


to further study the effect of point defects on the luminescence
properties of AlN samples, the UV−vis transmission spectra
were performed for samples S1 and S2 in Figure 9. Apparently,
both samples S1 and S2 have a significant peak around 275
nm; the appearance of this peak may be related to the defects
related to VN or the combination of VN and O29,30 (according
to the other previous optical performance tests on the
samples). In addition, both S1 and S2 show high light
transmittance; sample S1 obviously has a higher UV trans-
mittance, reaching more than 70%, which is closely related to
the lower point defect concentration.

■ RESULTS
In summary, the AlN sample prepared based on the optimal
process parameters by MNVPE has a surface roughness of
about 1.22 nm (10 μm × 10 μm) at a growth rate of 2 μm/h,
which is slightly higher than that of the samples prepared by
MOCVD. From the XRC diffractogram, the FWHM values of
the (0002)/(101̅2) planes of the sample by MNVPE are 397/
422 arcsec; although this value is higher than that of samples
prepared by MOCVD, the advantages of similar FWHM values
of (0002) and (101̅2) planes will continue to improve crystal
quality in the future. Furthermore, due to the existence of a
large number of voids and low-temperature buffer layers on the
surface of the sapphire substrate, which affects the growth
mode of the epitaxial layer, it is found that the fusion of a large
number of a + c type dislocations occur at the interface of the
low temperature buffer layer and the epitaxial layer from the
cross-sectional TEM images of the AlN sample by MNVPE.
Moreover, through the FHWM value of the E2(high) peak of
the Raman spectrum, it is found that the sample prepared by
the MNVPE method have a lower point defect concentration
than the sample prepared by the MOCVD method, this
subsequently is evidenced by higher energy defect emission
bands in PL spectra and higher transmittance in the UV−vis
transmission spectrum. We firmly believe that with the
continuous improvement of the MNVPE method, it will
become one of the methods to rapidly prepare high-quality
AlN substrates.
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