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ABSTRACT: Crack-free and parasitic-free Al-polar aluminum nitride
(AlN) single crystals up to Φ56 mm were iteratively grown by the
homoepitaxial physical vapor transport method. The detailed iterative
growth processes from the spontaneous AlN boules to Φ56 mm single
crystals were presented. Our growth experiments revealed that stable growth
of large Al-polar crystals with good structural quality and UV transparency
was possible using a pure tungsten setup. For each iteration, the initial
expansion angle, which was dominated by the radial temperature gradient
(ΔTr), reached 50−60° under our specific growth system and growth
conditions and then gradually decreased to 10−20° during the growth
process. For all as-grown crystals, mirror-like facets with a step-flow growth
mode could be observed. However, the {101̅0} side planes were strongly
suppressed when using larger AlN seeds. Material characterization showed
that the full width at half maximum of symmetric and asymmetric high-
resolution X-ray diffraction rocking curves was 84−144 arcsec and 45−70 arcsec, respectively. The average etch pit density evaluated
by preferential chemical etching was approximately 8.5 × 104 cm−2. The optical transmission spectra revealed that the entire wafer
exhibited excellent ultraviolet (UV) transparency, with absorption coefficients of 19−29 cm−1 in the UV range of 4.43−4.77 eV
(260−280 nm).

1. INTRODUCTION

Ultrawide band gap (UWBG) semiconductors have attracted
extensive attention due to a broad range of potential
applications in high-power, high-frequency, and high-voltage
electronics and in deep ultraviolet (UV) optoelectronics.1 As a
promising UWBG semiconductor material, AlN offers
compelling advantages over other semiconductor materials,
such as a wide direct band gap (6.2 eV), high thermal
conductivity (3.2 W/cm K), high electron drift velocity, high
breakdown voltage, high chemical and thermal stability,
excellent second-order optical nonlinearity, and prominent
UV transparency.2−4

In recent decades, various methods have been developed to
prepare AlN crystals, such as hydride vapor phase epitaxy,5−7

flux/solution growth,8−10 and physical vapor transport (PVT)
growth.11,12 Among these methods, the PVT method is
considered to be the most promising technique for bulk AlN
growth. Homoepitaxial growth using high-quality native seeds
is the ultimate approach to grow high-quality large AlN
crystals.13−15 The PVT method for bulk AlN crystal growth
was developed by Slack and McNelly in 1976.11 Since then,
numerous efforts have been made to develop high-quality,
large AlN crystals.2,12 Significant breakthroughs were made in

2008 by Bondokov et al.,13 Mueller et al.,14 and Schujman et
al.,15 who successfully produced 2 in. AlN single-crystal wafers
with a useable area of 85% through process optimization.
Later, Dalmau et al.16 obtained a 47 mm high-quality single-
crystal boule by homoepitaxial seeded growth in 2018, and
Wang et al.17 obtained crack-free AlN single-crystalline wafers
up to 60 mm in diameter with excellent deep-UV transparency
and decent quality in 2019, although the exact growth process
has not yet been provided.
AlN-based deep-UV light emitting diodes (DUV-LEDs)

have attracted much attention and are expected to replace
mercury-vapor lamps for sterilization, water purification, and
biochemical sensors. However, the transparency issue of AlN
substrates has been considered one of the key obstacles to
fabricating high-external quantum efficiency DUV-LEDs.18 It is
reported that the growth setup, growth process, and seed
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polarities have a significant effect on the UV transparency of
AlN crystals. In particular, crystal polarity is a key factor in
controlling the AlN surface morphology and growth
mechanism, since it strongly impacts the incorporation of
unintentionally doped impurities (O, C, and Si) in AlN crystals
and their interplay with intrinsic point defects and, hence, the
electrical and optical properties of AlN.18−20 Control of
polarity is also essential for device design due to the strong
polarization-induced internal electric fields.21 The experimen-
tal results of Filip et al.19 in a tungsten setup using Al-polar, N-
polar, and mixed-polar seeds showed that the colorless or light
brown Al-polar crystals have better light transmission than the
dark brown N-polar crystals. In general, the growth of N-polar
crystals is more likely to introduce carbon/oxygen impurities
and point defects, which result in low UV transmission,
although N-polar growth can usually maintain a stable and
uniform step-flow growth mechanism.18,20,22,23 In contrast, Al-
polar crystals prefer to grow by the three-dimensional (3D)
island growth mode with multisite nucleation, which usually
leads to a decrease in crystal size, quality, and growth
uniformity.24,25

In this paper, we report crack-free and parasitic-free Al-polar
AlN single crystals up to Φ56 mm using an iterative
homoepitaxial growth technique by the PVT method for the
first time. The detailed iterative growth processes from the
first-generation spontaneous AlN seeds to Φ56 mm boules
were presented, and the growth habit and diameter enlarge-
ment behavior were investigated. Material characterization was
also conducted to evaluate the obtained crystals.

2. EXPERIMENTAL PREPARATION
2.1. Growth Reactor Description. All growth experiments were

conducted in resistive growth reactors at Ultratrend Technologies Inc.
(model type UTI-PVT-D075H) capable of sustaining temperatures
up to 2500 °C. The growth reactor consists of a tungsten crucible,
two resistive heaters, and tungsten thermal insulators. Two
pyrometers and one W−Re thermocouple were employed to measure
temperatures at the crucible top and bottom and side tungsten heat
shields, respectively. The entire growth system includes a growth
atmosphere control system, a cooling system, a resistive heating
system, and a motor system of the growth reactor, with each system
being interconnectable and capable of automatically maintaining the
required growth conditions. During the crystal growth process, the

Figure 1. First-generation AlN boules with diameters of 12 (a), 23 (b), and 25 mm (c) prepared by the spontaneous PVT method (grid size of 1
mm).

Figure 2. Various Al-polar AlN single crystals with diameters of 12 (a), 26 (b), 36 (c), and 56 mm (d) prepared by homoepitaxial PVT growth
(grid size of 1 mm).
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crucible thermal field was adjusted by changing the position of the
crucible relative to the heater using a motor system. More details of
the growth reactor are described elsewhere.26−28

2.2. Hot Zone and Crucible System Design and Optimiza-
tion. One key issue of AlN homoepitaxy is parasitic growth, since the
growth of parasitic grains along a random orientation is generally
faster than c-plane growth. When the parasitic grains contact the
growing single-crystalline AlN at any time during the growth process,
normal c-plane growth will be disturbed. As a consequence, the crystal
structural quality will decrease, and additional stress and defects and
cracks will be generated. It has been reported that homoepitaxy on Al-
polar surfaces typically exhibits 3D island growth accompanied by
numerous growth centers.24,25 This growth mechanism normally
occurs due to high supersaturation, which can lead to low crystal
structural quality. It is common knowledge that low supersaturation at
the growth surface can be achieved by reducing the axial temperature
gradient (ΔTa). However, ΔTa is positively correlated with the axial
growth rate (Va), and a trade-off between ΔTa and Va is necessary.
Due to the low supersaturation of the {101̅0} surface perpendicular to
the Al-polar growth plane, AlN crystals normally exhibit a low radial
growth rate (Vr). A sufficiently high radial temperature gradient (ΔTr)
around the seed surface is necessary for reasonable crystal diameter
expansion, although a large ΔTr can lead to additional defects, such as
low-angle grain boundaries (LAGBs) or basal plane dislocations
(BPDs).29−31

Considering the abovementioned, we designed a proprietary hot-
zone setup and crucible system and optimized it using FEMAG
software and a series of in-house finite element codes, including a
mass transfer module,28,32 an impurity transport module,27 an
anisotropic 3D stress module,33−35 and a growth rate and super-
saturation prediction module.36 In particular, a seed holder that can
sustain positive supersaturation only at the seed deposition surface
was designed to prevent any parasitic nucleation adjacent to the
growing AlN seed and therefore to completely eliminate parasitic
polycrystalline growth on the periphery of AlN boules.36 These efforts
and details are not repeated for brevity.
2.3. AlN Powder Source and Seed Preparation. High-purity

AlN powder (<20 ppm wt carbon, <100 ppm wt oxygen) was
obtained by multiple sublimation recrystallization.27 First-generation
AlN boules with a maximum diameter of approximately 1 in. were
prepared using our proprietary spontaneous growth technique,37 as
illustrated in Figure 1, and the (0002) full width at half maximum
(fwhm) values of these spontaneous seeds evaluated by high-
resolution X-ray diffraction (HRXRD) are smaller than 100 arcsec
(not shown). c-plane seeds employed for subsequent homoepitaxial
runs were fabricated from AlN boules grown either by spontaneous or
homoepitaxial growth by following a common wafering process. Each
seed, with the Al-polar surface upside down, was mounted on the
aforementioned seed holder either by a mechanical, chemical, or
thermal approach.

3. GROWTH RESULTS AND DISCUSSION

Except for the first-generation seed boules, all AlN crystals
presented below (Figure 2) are as-grown by the homoepitaxial
PVT method under a high-purity nitrogen atmosphere
(99.999%) at 50−90 kPa. The growth temperature, which
was determined through a combination of simulation

calculations and experimental data, varied between 2200 and
2300 °C. For all growth runs, the Al-polar facet was the
deposition surface, and the average growth rate was evaluated
to be 150−200 μm/h.
Figure 2 illustrates crack-free and parasitic-free AlN single

crystals with diameters from Φ12 mm to Φ56 mm obtained
iteratively by the homoepitaxial growth process. Figure 2a,b
shows that the two as-grown crystals have a perfect hexagonal
pyramid shape with a mirror-like flat top and are bounded with
vertical prismatic {101̅0} and rhombohedral {101̅L} (L = 1, 2,
3) facets, hereafter referred to as m-plane and r-plane facets for
simplicity, respectively. Similar results in a pure tungsten setup
were demonstrated by Lu et al.38 in 2009, but the crystal
diameter was limited to approximately 12 mm. Large Al-polar
AlN crystals (shown in Figure 2b) with perfect hexagonal
shapes grown in a pure tungsten setup are rarely reported.
In general, N-polar growth is considered to be more suitable

for crystal diameter enlargement with an extension angle of
10−30°,39−41 whereas Al-polar growth leads to a reduction in
the crystal diameter. Our practical Al-polar growth experiments
showed that the crystal diameter enlarged rapidly at the initial
growth stage with an expansion angle larger than 50° for nearly
all AlN boules. At this stage, the formation of prismatic m-
facets was suppressed due to a convex local thermal field
around the seed (not shown). However, the diameter
expansion decreased significantly as soon as the m-facets
formed when the radial thermal gradient (ΔTr) was small,
since the growth rate of the m-facets was an order of
magnitude lower than that on the basal plane, particularly for
smaller seeds. Nevertheless, the as-grown crystals failed to
exhibit complete m-facets and r-facets for the homoepitaxial
growth runs when larger seeds were used due to the increase in
ΔTr, as shown in Figure 2c,d. It should be noted that a
noticeable rough surface was observed for the Φ56 mm AlN
single crystal. We speculated that the rough surface was due to
a stronger thermal transient effect for larger Al-polar crystal
growth during the growth process, resulting in a weak facet
growth stability incurred by nonuniform supersaturation and
impurity evaporations.
The as-grown Al-polar crystal surface morphologies studied

by optical microscopy showed that only one major growth
center was observed on the top hexagonal mirror-like c-planes
(as shown in Figure 3a), and pyramids were formed by
macroscopic faceting of step bunching or growth steps (as
illustrated in Figure 3b). Similar to c-plane N-polar growth, Al-
polar growth was also initiated and spirally grew from a single
growth center (or pre-existing threading screw dislocation),
allowing a step-flow growth mechanism to avoid numerous
growth centers and kinetic roughening.23 We attributed this
Al-polar step-flow growth mode to the sufficiently low
supersaturation on the growth surfaces simulated by our in-
house code (not shown). In contrast to that of the c-facet, the

Figure 3. Optical micrographs of as-grown Al-polar AlN surface morphologies and growth steps.
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growth mode of the m-facets is two-dimensional (2D) step-
flow, with each m-facet revealing a symmetrical growth center
elongated in the c-direction (as illustrated in Figure 3c).
Essentially similar growth conditions at the growth centers on
the six prismatic facets resulted in the crystal habit exhibiting a
perfect regular hexagon (as illustrated in Figure 2a,b).
Furthermore, the widths of the growth steps in the c- and r-
directions of the m-plane are different, which is mainly due to
the different migration energies of atoms in each direction.
Figure 4 illustrates the detailed diameter evolution of a 47

mm Al-polar boule grown homoepitaxially on a 28 mm AlN
seed. The initial expansion angle reached 57° and then
gradually decreased to 13° during the growth process. ΔTr
plays a dominant role in the crystal growth habit. Compared
with the boules in Figure 2a,b, the m-facets are suppressed due
to a larger ΔTr.

4. MATERIAL CHARACTERIZATION

All obtained AlN single-crystalline boules were sliced and then
fabricated into wafers by following a standard wafering process

using our proprietary grinding and chemical mechanical
polishing (CMP) techniques. One 2 in. AlN wafer with a
thickness of 600 μm obtained from the Φ56 mm boule is
presented in Figure 5 and chosen as the sample to assess the
crystal structural quality. Five locations/regions of the wafer
were chosen for characterization, as shown in Figure 5b. The
root mean square roughness of the wafer surface was identified
to be 0.185 nm for a 5 μm × 5 μm area via atomic force
microscopy (Veeco Dimension 3100 V), and no scratches, pits,
or other polishing-induced defects were observed (as shown in
Figure 6).
HRXRD rocking curves (omega scan) were obtained by

using an X-ray diffractometer (Bruker D8 Discover) using
symmetric (0002) and asymmetrical (101̅2) reflections.
Raman spectroscopy was employed to estimate the structural
quality of the crystals and the residual stress inside the crystals.
Optical absorption spectra were acquired with a UV/visible
spectrometer (PerkinElmer Lambda 19) at room temperature.
In general, threading screw and edge dislocations (corre-

sponding to tilting and twisting of the lattice, respectively) in
crystals can result in the broadening of the (0002) and (101̅2)

Figure 4. Size evolution of a 47 mm boule grown homoepitaxially on a 28 mm AlN seed.

Figure 5. (a) Optical micrographs of an on-axis 0.6 × 50.8 mm2 AlN sample wafer cut from a Φ56 mm boule. (b) Size measurement of the wafer
(grid size of 1 mm, ≈100% useable area) and five labeled locations for characterization.
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rocking curves. Accordingly, the crystal quality was further
assessed by HRXRD ω-oscillation curves of (0002) symmetric
and (101̅2) asymmetric reflections. As illustrated in Figure 7,
the fwhms of the (0002) and (101̅2) rocking curves are 84−
144 arcsec and 45−70 arcsec, respectively. These data show a
significant improvement in the uniformity of the crystal quality
compared to our previous report,18 although these results are
still marginally inferior to those reported in the literature for 2
in. wafers.16

Figure 8 shows the Raman spectra of the 2 in. wafer at five
positions, where the phonon modes follow the C6v point group
symmetry rule corresponding to the scattering configuration.
Three high-intensity phonon modes, E2(low), E2(high), and
A1(LO), are observed, and the spectra obtained at the five
positions are almost identical. In particular, the fwhm and peak
position of E2(high) are usually used to indicate the structure
quality of crystals and the stress in crystals, respectively. In this
work, the Raman frequency of the E2(high) mode is 657 cm−1,
which is close to the unstressed AlN Raman frequency (657.4

cm−1),42,43 indicating the presence of low tensile stress in the
crystal. The fwhm of the E2(high) mode is determined to be
5.4−5.8 cm−1.
To further study the structural defects in the AlN crystal,

AlN wafers were selectively wet etched at 360 °C for 5 min in a
eutectic KOH/NaOH solution. Scanning electron microscopy
(SEM) was used to characterize the surface morphology of the
2 in. Al-polar AlN sample wafer after selective wet etching
(Figure 9). The etch pit density (EPD) varies from 104 to 106

cm−2, and the typical average EPD is approximately 8.5 × 104

cm−2.
With a band gap up to 6.2 eV, AlN exhibits unique

advantages in the DUV band. AlN-based UV-LED devices can
be used in the full UV band from 200 to 400 nm. In the
disinfection process of UVC-LEDs, the germicidal effect of UV
radiation is most evident in the wavelength range of 260−280
nm.2,3,18 The low DUV transmittance of AlN substrates has
been regarded as a barrier to their application due to their
extraction of light in current UV-LED layouts.17 Bickermann et

Figure 6. AFM scan of a microscale region of a 2 in. AlN sample wafer after CMP.

Figure 7. X-ray rocking curves of a 2 in. AlN sample wafer: (a) symmetric (0002) reflection and (b) asymmetric (101̅2) reflection.
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al.44,45 reported an absorption coefficient (AC) of 12−18 cm−1

at wavelengths between 220 and 380 nm, representing
approximately 80% of the total area of 22 mm-diameter AlN
wafers. Very recently, Bondokov et al.46 reported 2 in. AlN
wafers with ACs below 10.5 cm−1 at a 265 nm wavelength.
Figure 10 illustrates that the ACs in the range of 200−1000 nm
measured by UV−vis−NIR spectroscopy for the 2 in. sample
wafer are 19−29 cm−1 in the DUV range (260−280 nm),
demonstrating high uniformity.
To track the structural quality evolution during homoepitax-

ial growth of the Al-polar AlN crystals, the AlN boule shown in
Figure 4 was sliced into c-plane wafers with a typical thickness
of 600 μm. The distribution of symmetric reflection fwhms for
different crystal axial positions in the wafer is shown in Figure

Figure 8. Raman spectra along the radial direction of a 2 in. c-plane AlN sample wafer.

Figure 9. SEM micrograph of a 2 in. Al-polar AlN sample wafer after
etching in eutectic KOH/NaOH (average EPD ≈ 8.5 × 104 cm−2).

Figure 10. Absorption spectra of five different locations of a 2 in. sample wafer.
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11. The crystal quality of the central region is higher than that
of the edge region, which can be attributed to additional

defects such as LAGBs or BPDs nucleated at the boule edge
(or diameter expansion regions). For the wafers grown at the
rapid diameter expansion stage, a relatively lower structural
quality (fwhm ∼ 130 arcsec) was identified. With the
formation of m-planes, the quality improved steadily, and the
symmetric reflection fwhms at all positions were less than 110
arcsec. Nevertheless, there was substantial structural quality
deterioration after the formation of r-planes.

5. CONCLUSIONS
Crack-free Al-polar AlN single crystals up to Φ56 mm were
prepared using a homoepitaxial growth technique by the PVT
method for the first time. The crystal growth habit and the
diameter enlargement behavior of Al-polar boules were
investigated. Our growth experiments showed that stable
step-flow growth of large Al-polar crystals with good structural
quality and UV transparency was possible using a pure
tungsten setup. The initial expansion angle reached 50−60°
and then gradually decreased to 10−20° under reasonable
growth conditions during the growth process. The radial
temperature gradient plays a dominant role in the crystal
growth habit. Large radial temperature gradients can suppress
the formation of {101̅0} facets. The central region of the
crystals always maintained very similar quality as the seeds,
while slight growth deterioration at the crystal periphery was
observed. Raman spectra showed an E2(high) fwhm of 5.44−
5.76 cm−1. The symmetric and asymmetric HRXRD rocking
curves showed fwhms of 84−144 and 45−70 arcsec,
respectively. The average EPD evaluated by preferential
chemical etching was approximately 8.5 × 104 cm−2. The
optical transmission spectra revealed that the entire wafer
exhibits excellent UV transparency, with absorption coef-
ficients of 19−29 cm−1 in the UV range of 4.43−4.77 eV
(260−280 nm).
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