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Single crystalline aluminum nitride (sc-AIN or AIN) boules with a diameter of 3-inch
(@76 mm) were successfully prepared by the physical vapor transport (PVT) process.
The initial homoepitaxial growth run was performed on an aluminum nitride seed
sliced from a ®51 mm aluminum nitride boule, and diameter enlargement was
conducted iteratively via the lateral expansion technique until a ®76 mm boule
was achieved. During the diameter expansion growth runs, the crystal shape
transitioned from a hexagonal pyramid to a cylindrical pyramid. After the standard
slicing and wafering processes, the as-obtained substrates were characterized by
high-resolution X-ray diffraction (HRXRD), preferential chemical etching, and optical
spectroscopy. The characterization results revealed that the aluminum nitride
substrates showed good crystallinity and excellent UV transparency, although a
slight quality deterioration was observed when the crystal size was expanded from
®51 to @76 mm, while the deep-UV (DUV) transparency remained very similar to that
of the aluminum nitride seeds. The ®76 mm aluminum nitride boules obtained in this
study are an important milestone towards achieving ®100 mm (4-inch) aluminum
nitride, which are essential for the rapid commercialization of deep-UV
optoelectronics and ultra-wide bandgap (UWBG) electronics.
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1 Introduction

Aluminum nitride (AIN) is suitable for high-frequency, high-power, and high-temperature
electronic devices owing to its wide bandgap, high breakdown field, and high thermal
conductivity (Ambacher, 1998; Tsao et al., 2018; Yu et al., 2021; Zhao et al., 2022). Also,
there is a strong indication that the future of deep-ultraviolet (DUV) optoelectronics will be
dominated by devices based on AIN and its solid solutions with gallium nitride (GaN)
(Taniyasu et al., 2006) because AIN offers a close lattice match to GaN and AlGaN alloys.

In recent decades, various methods have been developed to prepare AIN material, such as
hydride vapor phase epitaxy (Kumagai et al., 2008; Katagiri et al., 2009; Freitas, 2010), flux/
solution growth (Bockowski, 2001; Kamei et al., 2007; Kangawa et al., 2011), and physical vapor
transport (PVT) growth (Slack and McNelly, 1976; Hartmann et al., 2014). Among these, the
PVT process is considered the most feasible method for bulk single crystalline AIN (sc-AIN)
growth. Homoepitaxial PVT growth using high-quality native seeds is the ultimate way for
growing high-quality and large-sized sc-AIN boules (Bondokov et al., 2008; Schujman et al.,
2008; Mueller et al., 2009). The PVT process for bulk sc-AIN growth was developed in 1976 by
Slack and McNelly (Slack and McNelly, 1976). Ever since numerous efforts have been
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FIGURE 1

(A) as-grown ®51 mm Al-polar AIN boule (B) as-grown ®76 mm AIN boule by the homoepitaxial PVT growth technique.

undertaken to prepare high-quality and large-sized sc-AIN boules
(Hartmann et al., 2014; Yu et al., 2021). Significant breakthroughs
were achieved in the 2010s, and commercialized 2-inch AIN substrates
are currently available in limited quantity. In the early 2020s, sc-AIN
boules with sizes larger than 2 inches were obtained via PVT iterative
growth technology (Wang et al., 2019b; Fu et al., 2022). However, AIN
substrates with a diameter of 4-inch are crucial for the rapid
commercialization of DUV optoelectronics and ultra-wide bandgap
(UWBG) electronics; therefore, increasing the diameter of AIN
substrates to 4-inch or even more is necessary.

In this study, we report Al-polar sc-AIN boules with diameters up
to 3-inch (P76 mm) using the homoepitaxial PVT growth process.
The evolution of the crystal growth shape and habit from ®51 to
®76 mm was investigated, and the structural quality and UV
absorption coefficients were characterized to evaluate the obtained
AIN substrates.

2 Experimental preparation

In principle, the larger the size, the higher the stress inside the
crystals during the growth process. AIN has a strong anisotropy and
tends to grow in three-dimensional (3D) island mode with multisite
nucleation in a tungsten system. These factors render the growth of
large-sized, crack- and parasitic-free AIN crystals extremely
challenging, considering the high oxygen/carbon impurities and
aggressive nature of Al vapor in the growth chamber at high
temperatures. Accordingly, thermal gradient calibration near the
crystal growth interface should be deliberately conducted to
balance the axial and radial thermal gradients for lateral diameter
expansion as well as to prohibit parasitic growth and cracking.
Accordingly, a proprietary growth system was designed and
optimized using FEMAG software and self-developed finite element
method (FEM) codes, including impurity transport (Fu et al., 2020),
mass transfer (Wang et al., 2019; Fu et al., 2021), anisotropic 3D stress
(Wang et al, 2018; Wang et al,, 2019¢; Zhao et al,, 2021), and
supersaturation and growth rate prediction modules (Zhang et al.,
2022). Particular attention was paid to the redesigning of a crucible
system enabling a convex thermal field for parasitic-free growth with
lateral diameter expansion by these FEM modules. To maintain
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reasonable growth rates and supersaturation along the crystal
growth interface, additional efforts must be undertaken to adjust
the crucible position to fine-tune the sublimation and deposition
temperature profiles and mass transport behavior.

All of our growth experiments were conducted in resistive
growth reactors consisting of a tungsten growth chamber, two
resistant heaters and tungsten heat shields. A W-Re thermocouple
and two pyrometers were chosen to measure the temperatures at
the side tungsten heat shields and top and bottom of the crucible,
respectively. During the crystal growth process, the thermal field in
the growth chamber was adjusted by changing the crucible position
with respect to two heaters via a motor system. Further details on
the growth reactors are provided in our previous studies (Wang
et al,, 2017; Wang et al., 2019; Fu et al., 2020). sc-AIN boules were
grown using the PVT method under a high-purity nitrogen
atmosphere (5N) in the range of 300-1,000 mbar, and the
growth temperature was above 2,050°C. The AIN source was
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FIGURE 2
@75 mm AIN polished sample wafer sliced from the ®76 mm AIN
boule.
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FIGURE 4

Temperature distribution (left) and thermal gradient (right) in the growth chamber mounted with AIN seeds of different sizes: (A) ®51, (B) ®62, and (C)
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®70 mm, calculated by FEMAG and in-house FEM codes.
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FIGURE 3
Schematic diagram of the AIN crystal shape evolution and growth habit with different diameters.
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FIGURE 5

Comeparison of HRXRD rocking curves of the ®51, ®62, and ®75 mm AIN substrates: (A) symmetric (0002) and (B) asymmetric (10-12) reflections.

FIGURE 6

360°C for 5 min.

Optical micrographs of the (A, D) ®51, (B, E) ®62, and (C, F) ®75 mm substrates after preferential wet chemical etching in eutectic KOH/NaOH solution at

sintered by multiple sublimation-recrystallization at high
temperatures. Glow discharge mass spectrometry (GDMS)
studies revealed that the C and O impurity contents in the
powder sources were reduced to less than 20 and 100 ppm wt,
respectively, after sintering. For each iteration, a double-sided
polished c-plane substrate was employed as the seed after
grinding, orienting, slicing, lapping, and chemical mechanical
polishing (CMP) processes, and the surface roughness of both
sides was less than .5 nm (Fu et al., 2022).

The facets of the as-grown sc-AIN boules were first measured by Laue
X-ray diffraction (XRD) with an accuracy of +.2°, and all the boules were
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then cut into substrates with a typical thickness of 820 um along the c-axis.
The double surfaces of all the substrates were finished using standard CMP
processes. To evaluate the crystalline quality after lateral expansion growth,
high-resolution XRD (HRXRD) rocking curves (omega scan) for the
asymmetric (10-12) and symmetric (0002) plane reflections were
determined using an X-ray diffractometer (Bruker D8 Discover).
Preferential wet chemical etching with a KOH:NaOH eutectic melt was
conducted on the polished c-plane substrates to analyze their polarities and
defect densities. Perkin—Elmer UV-visible-near-infrared (UV-vis-NIR)
spectrometer was employed to measure the transmission spectra of the AIN
substrates.
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FIGURE 7

Absorption spectra of the center and edge positions of the ®75 mm sample substrate

3 Results and discussion

For each growth run of the sc-AIN boule from ®51 to ®76 mm,
the Al-polar facet was used as the seed deposition surface, and the
average growth rate was estimated to be 120-200 um/h. Figure 1A
shows the ®51 mm Al-polar sc-AIN boule with completely smooth
surfaces, grown according to our stable PVT growth process reported
in a previous study (Fu et al., 2022), while Figures 1B, 2 present the as-
grown ®76 mm Al-polar sc-AIN boule and ®75 mm polished sample
wafer sliced from the boule, respectively. Figure 1A shows that the
@51 mm boule has a perfect hexagonal pyramid shape with a mirror-
like flat top and is bound by shining vertical prismatic {10-10} and
rhombohedral {10-1n} (n = 1, 2, and 3) facets. However, a small
number of rough surfaces with parasitic nucleation appeared near the
periphery of the ®76 mm boule, which could be attributed to an
extraordinarily high supersaturation around the crystal periphery in
the growth chamber, when growing sc-AIN boules larger than
@70 mm. Moreover, both the vertical prismatic and rhombohedral
facets disappeared, and the shape of the boules steadily transitioned to
axial symmetry for the growth runs with the AIN crystal diameter
greater than 70 mm, as shown in Figure 3. This growth habit change
was attributed to a non-equilibrium growth environment under a
larger radial thermal gradient. In addition, the sc-AIN boules larger
than ®60 mm showed dark-brown coloration, which could be
observed by the naked eye. As previously described, the cracking
possibility increased considerably when the crystal size exceeded
®70 mm during our practical growth trials, and it is necessary to
further optimize the crucible system and process recipe for achieving
larger-sized AIN growth in the future.

Typically, the AIN growth temperature during the homoepitaxial
PVT growth process is 2,050°C-2,320°C (Hartmann et al, 2008;
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Hartmann et al,, 2014), and the temperature profile near the crystal
growth interface is of particular importance to the large-sized AIN
lateral expansion growth. Accordingly, the temperature distribution
and thermal gradient in the growth chamber mounted with AIN seeds
of different sizes (P51, ®62, and @70 mm) under the same conditions
were calculated using FEMAG and in-house FEMAG codes, as shown
in Figure 4. The temperatures at the center of the seed and the top
surface of the source were set to 2523.15 and 2543.15 K, respectively,
for the heat transfer calculation. The distributions of the temperature
(left) and radial thermal gradients (right) are shown in Figure 4. It can
be observed that both the maximum temperature and radial thermal
gradient occur at the edge of the seed and gradually increase with
increasing seed diameter. Further investigation showed that the radial
thermal gradient at the edge of the seed increased from .78 to 1.20 K/
mm for the seeds with sizes of 51 and 70 mm, respectively. Although a
large radial thermal gradient is beneficial for lateral crystal size
expansion, an excessively large gradient can cause stress and
additional defects to deteriorate the crystal structural quality, such
as low-angle grain boundaries (LAGBs), basal plane dislocations
(BPDs) and threading dislocations (TDs) or even cracking.

The crystal structure quality was evaluated using the HRXRD w-
rocking curves recorded for the (0002) and (10-12) reflections (as
shown in Figure 5). The results were obtained from the central
position of each sample sliced from the ®51, ®62, and ®76 mm
sc-AIN boules. It was observed that both the full widths at half
maximum (FWHMs) of the (0002) and (10-12)
increased with the lateral expansion of the crystal diameter. The
FWHMs of the (0002) and (10-12) reflections of the ®76 mm
boule were 176 and 109 arcsec, respectively. These results indicate

reflections

that a slight quality deterioration was observed when the crystal
diameter was expanded from ®51 to ®76 mm, which could be
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attributed to various defects such as BPDs, TDs and LAGBs in the
crystals because of the non-uniformity of the thermal gradient at the
growing crystal interface.

To further study the structure defects in the sc-AIN boules,
preferential wet chemical etching using eutectic KOH/NaOH
solution was conducted for 5min at 360°C for defect delineation
on the Al-polar surface of the polished substrates. The Al-polar surface
morphologies and etch pit densities (EPDs) of the etched AIN
substrates were investigated using optical microscopy (OM) at
600x. As shown in Figures 6A-C represent the central regions,
while Figures 6D-F represent the lateral expansion regions of the
D51, 62, and O75 mm substrates, respectively. It can be observed
that the EPDs in both the center and lateral expansion regions
increased with increasing substrate diameter, which is consistent
with the FWHM results obtained by HRXRD. Generally, the EPDs
in the peripheral regions for each substrate are higher than those in the
central regions because of the higher thermal stress caused by the
larger radial thermal gradient during the crystal growth process.
Notably, the EPDs in the ®75mm substrate was less than 3.0 x
10° cm™ and etch-pit arrays were rarely observed, indicating that the
LAGBs are well suppressed near the substrate periphery.

Deep-UV (DUV) transmission is another key issue in AIN-based
optoelectronics. Bulk sc-AIN boules grown by the PVT process
generally exhibit UV absorption bands due to the incorporation of
carbon and oxygen impurities (Hartman et al, 2014). In the UV
disinfection process, the germicidal effect of radiation is most evident
in the UV range of 260-280 nm (Hartmann et al., 2016; Tsao et al,,
2018; Yu et al., 2021). Figure 7 shows the absorption coefficients (ACs)
for the @75 mm sample (730 pum thickness after CMP process) in the
of 200-1,000nm measured by Perkin-Elmer
UV-vis-NIR spectrometer. Two substrate positions (center and

wavelengths

edge positions) were analyzed, and all the substrates exhibited ACs
0f 18-26 cm ™" in the DUV range (240-280 nm), although the ®76 mm
boule showed dark-brown coloration when observed by the naked eye.
A below-bandgap absorption band was also observed at approximately
2.8 eV. This absorption band, which has been previously reported in
PVT-grown AIN by Bickermann et al. (2010), is responsible for the
yellowish coloration of AIN and is believed to be caused by a transition
of V,; to O

4 Conclusion

Al-polar sc-AIN boules up to @76 mm were prepared using a
homoepitaxial growth technique using the PVT method. The
evolution of the bbbb shape and growth habit from ®51 to
®76 mm was investigated. The symmetric and asymmetric rocking
curves obtained by HRXRD showed FWHM values of 176 and
109 arcsec, respectively. The average EPD evaluated by preferential
chemical etching was less than 3.0 x 10°cm ™ in the ®75 mm AIN
substrate. The optical transmission spectra revealed that all the
substrates exhibited excellent deep-UV transparency with ACs of
18-26 cm™ in the UV range of 240-280 nm. The characterization
results showed that the AIN substrates exhibited good crystallinity and
excellent UV transparency, although slight quality deterioration was
observed when the crystal size was expanded from ®51 to ®76 mm,
while the deep-UV transparency remained very similar to that of the
AIN seeds. The @76 mm sc-AIN boules demonstrated in this study are
an important milestone towards achieving ®100 mm (4-inch) AIN,
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which are essential for the rapid commercialization of DUV
optoelectronics and UWBG electronics.
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