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ABSTRACT

AlN is a critical ultrawide bandgap (UWBG) semiconductor used in high-power electronics and deep-ultraviolet optoelectronic devices.
While 2-in. AlN wafers are commercially available, scaling up to larger diameters is crucial for the widespread adoption of UWBG technol-
ogy. In this study, we investigated the structural and optical properties of a 100mm diameter bulk AlN crystal. The transparent regions of the
wafer exhibited an x-ray diffraction rocking curve linewidth as low as 27 arcsec and a strong band edge transition at 5.97 eV. However, the
wafer showed significant spatial variations in optical transparency. Our detailed characterization results revealed a dominant absorption peak
near 2.7 eV, attributed to the presence of aluminum vacancies (VAl); a series of emission peaks involving VAl , VAl� ON complex, and CN

impurities; and a correlation between less transparent regions and higher concentrations of these specific defects. Understanding the effects
of specific impurities/defects on the structural and optical properties is crucial for improving bulk crystal growth and processing methods to
produce more uniform, large-diameter AlN substrates, which is vital for the scalable integration of AlN-based devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0300352

AlN is a critical material for next-generation optoelectronic and
high-power electronic devices.1–7 Its intrinsic material properties,
including a direct ultrawide bandgap (UWBG) of Eg�6.1 eV,1,5 high
thermal conductivity (j�320W/mK),8,9 large electron mobility (le >
400 cm2/V s),10 and exceptionally high critical field (EC�15MV/
cm),11 combined with its excellent mechanical and chemical stability,
render AlN indispensable for applications ranging from deep-
ultraviolet (DUV) emitters and detectors to power-switching devices
capable of operating under extreme environments.

AlN and AlxGa1�xN epilayers grown on foreign substrates such
as sapphire and SiC substrates generally possess elevated dislocation
densities, primarily due to the pronounced lattice and thermal expan-
sion mismatches between the epilayers and the underlying substrates.
The presence of dislocations, defects, and impurities significantly
degrades the experimental figure of merit (FOM) of AlN-based devi-
ces. Homoepitaxial materials and devices must be utilized to fully
exploit the potential of intrinsic properties of AlN, which requires the
development of high-quality bulk single-crystal AlN substrates.12–22

Beyond their use in homoepitaxy, bulk AlN crystals hold great promise
as a host material for a variety of advanced devices, including radiation
detectors operating in extreme environments,23 high-voltage and
high-power electronic switches,4 electro-optic phase modulator and

photonic switches, and field emission devices. Consequently, the devel-
opment and commercialization of high-quality AlN bulk crystals have
progressed rapidly in response to scientific and industrial demand for
scalable UWBG semiconductor technologies.

While 2-in. AlN substrates featuring >99% single-crystal cover-
age and low threading dislocation densities have been commercially
available for several years,12 recent growth advancements have shifted
focus toward scaling up substrate diameters while preserving high
crystalline quality. Among various approaches, physical vapor trans-
port (PVT) has been established as the dominant technique for bulk
AlN crystal growth, owing to its ability to achieve high growth rates
and high crystalline quality.13 Furthermore, PVT has proven effective
in enabling the production of larger diameter wafers, as demonstrated
in several recent reports.13,21,22 This scalability is attributed to the pro-
gressive lateral enlargement of the seed crystal and innovations in cru-
cible design and thermal field optimization within the PVT growth
system, allowing for diameter scaling with minimal degradation in
crystalline quality. Notably, Bondokov et al. reported a fourfold
increase in wafer area with only a 10%–20% increase in resource con-
sumption, while maintaining comparable crystallinity and growth
rate.13 The 100mm AlN single-crystal substrates were first introduced
in 2023, exhibiting 80%–90% of usable area, representing a significant
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step toward commercial deployment.13 Subsequent developments have
demonstrated further improvements, with recent high-purity PVT-
grown AlN boules achieving >99% usable area following slicing and
polishing for epitaxy ready applications.13

For 100mm AlN substrates, unintentional incorporation of com-
mon impurities such as carbon (C), oxygen (O), and silicon (Si) has
been reported.13 Furthermore, as illustrated in Fig. 1, the presence of
defects/impurities also gives rise to visible wavelength color centers,
leading to spatial variations in optical transparency across the wafer
surface.13 These optical signatures provide a qualitative indication of
impurity incorporation and defect inhomogeneity across the substrate.
While considerable progress has been made in characterizing and
identifying the physical origins of unintentional impurities and defects
in AlN, further investigation is required to fully classify these centers
and to understand the effect on device relevant properties.

Here, we report results of the structural and optical characteriza-
tion conducted on a 100mm diameter bulk AlN wafer of thickness
600lm produced by Crystal IS using the PVT technique. The growth
conditions were described in detail in a previous publication by
Bondokov et al.13 Briefly, the AlN source was placed in a tungsten cru-
cible which also contained 3-in. AlN seeds. The crucible was heated to
a temperature well above 2000 �C using radio frequency (RF) heat-
ing.13 Various characterization techniques, including x-ray diffraction
(XRD), x-ray photoelectron spectroscopy (XPS), optical absorption,
and photoluminescence (PL) emission spectroscopy were employed,
with the aim to provide insights into the physical origins of defect/
impurity centers that contributed to spatial variations in optical trans-
parency across the wafer surface. As shown in Fig. 1, optical transpar-
ency variations across the wafer surface are highly visible. We focus on
two representative areas labeled (a) and (b), where area (a) appears
more transparent and area (b) appears darkish. Our analysis focused

on the Al-terminated surface, which was processed and polished for
epi-ready application.

Figure 2 compares XRD characterization results between the two
selected regions of the AlN substrate: area (a) and area (b). Both x–2h
scans and x-scans (rocking curves) were performed. Compared to the
XRD results of area (b), the more transparent region (Area a) exhibits
a slightly higher AlN (002) diffraction peak intensity and narrower full
width at half maximum (FWHM) in the x–2h scan. Moreover, the
rocking curves of the (002) peaks shown in Fig. 2(b) reveal a signifi-
cantly narrower FWHM in the transparent region (Area a) than the
darkish region (Area b), 27 vs 70 arc sec. The results indicate that dark-
ish color is likely influenced by the presence of higher concentrations
of defect and impurity related scattering centers that locally degrade
optical and structural quality.

To assess the correlation between the presence of unintentional
carbon (C) and oxygen (O) impurities and optical and structural qual-
ity, we carried out XPS studies for the two regions. The measurements
were performed on a Physical Electronics PHI 5000 Versa Probe II
Hybrid system under high vacuum conditions (�10�7 Torr). Because
XPS is a surface-sensitive technique, successive argon (Ar) ion sputter-
ing was used to remove the top layers until the measured concentra-
tions of C and O impurities remained constant. This process removed
surface contaminants by carbon and oxygen, which are commonly
present from atmospheric exposure, allowing for a more reliable com-
parison of the true subsurface composition of the samples.

Our analysis focused on comparing the relative carbon and oxy-
gen impurities, as well as the relative Al and N contents in area (a) and
area (b). Figure 3 presents the XPS spectra obtained from regions (a)
and (b), indicating the binding energy positions and corresponding
atomic concentrations for the elements under investigation. In both
regions, N concentrations exceeded those of Al. Area (a) and area (b)
exhibited 51% and 46.1% N concentration, respectively, while their
respective Al concentration was 48.8% and 44.6%. The results indicate
that the AlN wafer studied here is Al-deficient, suggesting the presence
of VAl in AlN wafers. Moreover, the concentrations of Al and N are
lower in area (b) than those in area (a) due to higher O and C impurity
concentrations, which were measured to be at 4.6% and 4.7% atomic
concentrations, respectively. While XPS may drastically overestimate
the absolute concentrations of C and O impurities, the results clearly
show that the darker areas (b) contain higher concentrations of C and
O than the more transparent regions.

In fact, the C and O concentrations in the more transparent
region (a) are quite low, with O< 0.1% and C< 0.2%, which can be
considered negligibly low because of the limited instrument resolution.
Impurity concentrations have been directly measured for similar
100mm AlN wafers by Bondokov et al. using secondary ion mass
spectrometry (SIMS).13 On average, the concentrations of C and O are
below 1017 cm�3 and the concentration of Si was almost at the detec-
tion limit of the instrument (5� 1016 cm�3).13 Thus, we expect the
impurity concentrations in the more transparent area (a) to be below
1017 cm�3 as previously reported by Bondokov et al. On the other
hand, for the less transparent area (b), the measured �4% impurity
concentration by XPS indicates that the O and C impurity concentra-
tions are above 1017 cm�3. The components of the growth chamber
and subsequent wafer processing stages were considered the source of
these impurities.13 Continuing efforts on controlling process and clean-
liness to AlN source preparation are also needed. The combination of

FIG. 1. Optical image of a 100mm diameter c-plane bulk AlN wafer with a thickness
of 600 lm (Al-surface) grown via physical vapor transport (PVT) method. Two
regions exhibiting distinct optical transparency are highlighted: (a) a region with
higher transparency, and (b) a darkish region with lower transparency.
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Al deficiency and higher impurity concentrations in the less transparent
area (b) suggests the likely presence of VAl. Moreover, when oxygen
impurities substitute on the nitrogen sites (ON ), they act as donors, and
the incorporation of ON , during growth can cause Fermi level shifting
toward the conduction band edge, significantly reducing the formation
energies, and enhancing the formation of VAl and Al vacancy and O
impurity complexes (VAl–ON ).

24

To probe sub-bandgap absorption due to the presence of defects,
optical absorption measurements were carried out from 1.5 to 5 eV
using an Agilent Cary 5000 UV–vis–NIR spectrophotometer and the
results are shown in Fig. 4. The resultant spectra in Fig. 4 showed that
the darkish area (b) has a higher absorbance all the way into the deep
UV region, implying dislocations, defects, and impurities are more
numerous in area (b) than in area (a), which corroborates with the
XRD and XPS results shown in Figs. 2 and 3. However, the measured
absorption coefficients in this spectral region are about 4 orders of
magnitude smaller than that of the fundamental band edge absorption
in AlN of �2 � 105 cm�1,1 which is a typical signature of optical
absorption due to dislocations, defects, and impurities. Moreover, the
measured sub-band absorption coefficients in the spectral range of
4–5 eV are at least one order of magnitude lower than those of previ-
ous reported values for AlN bulk crystals produced by the PVT
method25 and similar to the recent reported values for 2 in. AlN bulk
wafers produced by PVT,26 indicating that the overall optical quality of
this 100mm AlN wafer has been significantly improved and is on par
with those of 2 in. wafers.

Notably, both areas (a) and (b) exhibit a distinct absorption peak
at 2.75 eV. Slack et al. reported an absorption peak at 2.86 eV, attribut-
ing to nitrogen vacancies (VN).

25 Bickermann et al. reported an
absorption peak at �2.8 eV in PVT-grown polycrystalline bulk AlN

and observed a direct correlation between the absorption peak inten-
sity and the growth temperature, which supported the interpretation
of the absorption peak originating from an intrinsic defect with a
temperature-dependent formation probability.27 Other proposed
mechanisms include a transition involving VAl and N vacancy (VN)
and oxygen impurities,24 a donor–acceptor pair transition between
the VN and substitutional carbon (CN ) impurities,28 and a band-to-
impurity transition involving isolated VAl:

29

It is important to note that the strengths of the absorption peak at
2.75 eV in both area (a) and area (b) are comparable, even though the
O and C impurity concentrations in areas (a) and (b) are vastly differ-
ent. Moreover, XPS results confirmed that both area (a) and area (b) of
the sample are Al deficient. Therefore, we believe that the absorption
peak at 2.75 eV is most likely linked to VAl , involving isolated VAl or
VAl � ON complex.

Further analysis of the two regions was performed using PL emis-
sion spectroscopy. The PL system consists of an Excimer laser
(kexc¼ 193 nm, 6.42 eV) as an excitation source, and a fiber-coupled
optical spectrometer for dispersing the emission signal. As shown in
Fig. 5(a), both regions exhibit a strong band edge emission centered at
5.97 eV. The darker area (b) exhibits a slightly higher band edge inten-
sity than the more transparent region of area (a), in contrast to the
expectation, hypothesizing a higher band edge emission intensity in
the more transparent region with higher crystalline quality. PL spectra
were also taken across the entire wafer in the middle vertical line to
include a few transition regions, as illustrated in the inset of Fig. 5(b).
Figure 5(b) plots the overall PL “mapping” results, which revealed that
the overall PL spectral features are very similar with some variations in
the emission intensity of the 5.97 eV line. Defect transitions were noted
in all regions probed. The PL spectrum of more transparent area

FIG. 2. (a) XRD x–2h scans and (b) XRD
x-scans or rocking curves of the (002) planes of
AlN substrate measured at different areas of
area (a) and area (b) as designated in Fig. 1.
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(a) resolved two prominent peaks near 2.2 and 3.9 eV. The 3.9 eV
emission line has been observed in AlN bulk crystals grown by the
PVT method and linked to the presence of C�

N point defect.28 In con-
trast, the spectra in all other locations, including area (b), show a very
broad band covering the range from 2 to 5 eV, which signifies the
inclusion of multiple impurity/defect-related transition bands, corrob-
orating with XRD, XPS, and optical absorption results and revealing a
locally degraded structural and optical quality of darkish regions.

It is difficult to examine the defect transitions in more detail
under the above bandgap excitation because the band edge transition
at 5.97 eV is overwhelmingly dominant. To further analyze impurity/
defect transitions, a below-bandgap excitation was employed to mini-
mize the band edge recombination processes using a frequency tripled
Ti:sapphire laser with an excitation wavelength of 260 nm. A 1.3m
monochromator coupled with a microchannel plate photomultiplier
tube (MCP-PMT) was used to disperse the PL signal and the resulting
300 and 10K PL spectra are shown in the top and bottom panels of
Fig. 6, respectively. Notably, a peak at 2.15 eV is observable in both
areas (a) and (b) and is very close to an emission line occurring at
2.1 eV observed in AlN epilayers, which has been ascribed to a band-
to-impurity transition involving VAl � ON complexes in the basal con-
figuration.30 A broad emission peak centered at approximately 3.73 eV

is also observed in both area (a) and area (b). Moreover, the room tem-
perature PL spectrum of the more transparent area (a) exhibits a
sharper peak at 2.64 eV, whereas the less transparent area (b) exhibits
multiple broad peaks in between 2.15 and 3.75 eV.

Overall, the intensities of the observed emission peaks in both
areas (a) and (b) are comparable, despite significant differences in the
O and C impurity concentrations. This suggests that these emission
lines are not directly tied to these bulk impurities. However, the emis-
sion peak positions align closely with those obtained by a hybrid func-
tional calculation, which predicted four band-to-impurity emission
lines involving deep acceptor states of isolated VAl and VAl � ON com-
plexes in AlN.24 Given that the 100mm wafer studied here is
Al-deficient, we believe that the observed emission lines are related to
VAl and VAl � ON complexes.

The low temperature (10K) PL spectra shown in the bottom pan-
els of Fig. 6 further strengthened our interpretation. Compared to
300K spectra shown in the top panels, the overall emission intensities
of defect transitions in both area (a) and area (b) increased by four
times at 10K. More significantly, in both area (a) and area (b), the
broad peak appearing around 2.7–2.8 eV becomes overwhelmingly
dominant, which matches almost perfectly with those predicted for the
band-to-impurity transitions involving isolated VAl:

24 More specifically,
the previous hybrid functional calculation predicted that the transition
between the conduction band and theVAl deep acceptor, described by the
process of eþ V2�

Al ! h� 2:73 eVð Þ þ V3�
Al gives rise to a 2.73 eV pho-

ton, whereas the transition between the VAl deep acceptor and valence
band, described by the process of V3�

Al þ h! h� 2:77 eVð Þ þ V2�
Al gives

FIG. 3. XPS survey spectra performed on an AlN at area (a) and area (b). Relative
atomic concentrations for N 1s, Al 2p, O 1s, and C 1s are indicated in the figure.

FIG. 4. Sub-bandgap optical absorption spectra for area (a) and area (b). The color
gradient shows the transition of visible light from red to violet.
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rise to a 2.77 eV photon.24 The broad peak in the high energy side in
the 3.3–3.8 eV spectral region observed in both area (a) and area (b) is
also reasonably close to those predicted (3.24 and 3.46 eV) for the
band-to-impurity transitions involving (VAl � ON ) and (VAl � 2ON )
deep acceptors. The precise peak positions can vary in different samples
and different sample locations in the case here, as varying impurity con-
centrations can lead to the formation of different defect complex types
ðe:g:; VAl � ON vs VAl � 2ON ), charge states, and bonding configura-
tions arising from Al–N bond anisotropy.30 It is worth noting that the
emission line near 3.9 eV, previously linked to C impurities,28 was not
clearly resolved in the PL spectra shown in Fig. 6. However, it was

distinguishable in the PL spectrum in Fig. 5 for area (a), where C and O
impurity contents are low.

In summary, we have investigated the non-uniform optical trans-
parency of a recently available 100mm AlN bulk crystal. The results
provide considerable insights into further improving the purity of bulk
AlN substrates for commercial use. The results showed that the dark-
ish and less transparent areas are directly linked to higher concentra-
tions of unintentional impurities and defects. Photoluminescence
emission and optical absorption spectroscopy results showed strong
impurity related transitions in the range of 2–4 eV linked to the pres-
ence of VAl; VAl � ON , and CN. These findings indicate that the

FIG. 5. Room temperature (T¼ 300 K) PL spectra of AlN excited by an Excimer laser (kexc¼ 193 nm) with an average power of 4W: (a) measured at (a) area (a) and area
(b); (b) measured at 10 different locations along the middle vertical line across the wafer as indicated in the inset.

FIG. 6. Room temperature (top panels) and
10K (bottom panels) PL spectra of AlN
excited by a frequency tripled Ti:sapphire
laser (kexc¼ 260 nm), measured at (a) area
(a) and (b) area (b).
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incorporation of C and O impurities and hence the generation of
VAl-related defects is nonuniform across the wafer, which also causes
structural and optical transparency nonuniformity across the wafer.
To improve the quality and purity of AlN wafers, introducing strate-
gies for reducing carbon and oxygen contamination from source mate-
rials and growth process environment is highly desirable. While a high
growth rate is desired for production, decreasing the growth rate may
aid in suppressing the formation of VAl and VAl-complexes. Hence,
finding a balance between an acceptable growth rate and low impurity
concentrations is an important area for future study. Moreover, since
defect formation exhibits an exponential dependence on the growth
temperature, there is still room for growth temperature optimization
to minimize the incorporation impurities/defects while maintaining
acceptable crystalline quality. Monitoring structural and optical prop-
erties for materials produced under different conditions can guide the
growth process toward achieving high purity, large diameter AlN bulk
substrates needed for the next generation of UWBG semiconductor
devices.
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