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Abstract

Aluminium nitride (AIN) is a futuristic material for efficient next-generation high-power electronic and optoelectronic appli-
cations. Sublimation growth of AIN single crystals with hetero-epitaxial approach using silicon carbide substrates is one
of the two prominent approaches emerged, since the pioneering crystal growth work from 1970s. Many groups working on
this hetero-epitaxial seeding have abandoned AIN growth altogether due to lot of persistently encountered problems. In this
article, we focus on most of the common problems encountered in this process such as macro- and micro-hole defects, cracks,
3D-nucleation, high dislocation density, and incorporation of unintentional impurity elements due to chemical decomposi-
tion of the substrate at very high temperatures. Possible ways to successfully solve some of these issues have been discussed.
Other few remaining challenges, namely low-angle grain boundaries and deep UV optical absorption, are also presented in
the later part of this work. Particular attention has been devoted in this work on the coloration of the crystals with respect to
chemical composition. Wet chemical etching gives etch pit density (EPD) values in the order of 10° cm™ for yellow-coloured
samples, while greenish coloration deteriorates the structural properties with EPD values of at least one order more.

Keywords Semiconductor materials - Aluminium nitride - Hetero-epitaxy - Crystal coloration - SiC substrates - Deep UV -

High-power devices

1 Introduction

Waurtzite aluminium nitride (AIN) is a semiconductor mate-
rial, important for the development of ultraviolet (UV) light
sources and UV photodetectors, and for using as a buffer
layer or a native substrate for nitride-based electronic devices
due to its wide band gap (6.089 eV at low temperatures) [1].
Appliance of these devices, for example, as high-efficiency
small and compact deep UV light-emitting diodes (LEDs)
and laser diodes (LDs) for reinstating the low-efficiency and
highly toxic mercury lamps and gas lasers used in water/
air purification and disinfection or for high-resolution pho-
tolithography is based on AIN and high-aluminium (Al)-
content aluminium gallium nitride (AlGaN). Enabling such
far-reaching applications with a realization of eco-friendly
technology based on AIN and their alloys is an immense
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benefit and is a must. For nontoxic solid-state lighting
applications, the potentials of low-dimensional materials
like quantum dots, nanocrystals have additionally attracted
extensive attention [2, 3]. The results of UV LEDs based
on AIN or AlGaN quantum dots have also been published
by other groups [4, 5]. It was shown that the performance
of AlGaN-based UV LEDs could be increased, especially
due to the improved quality of AIGaN layers with high Al
content [6]. The efficiency might further be increased using
AIN single crystalline wafer as a substrate, since epitaxial
AlGaN layers grown on such lattice-matched substrates by
metalorganic chemical vapour deposition (MOCVD) method
have significantly lower dislocation densities.

Crack-free AlGaN layers up to 2 pm thickness were
grown on sapphire substrates by hydride vapour phase epi-
taxy (HVPE), and also 40-um-thick crack-free AlGaN layers
on SiC substrates were reported [7]. For high-Al-content
Al,Ga,_ N (x ~ 0.7-0.8) layers grown on sapphire, high-
resolution X-ray diffraction rocking curve (XRD-RC) widths
ranging from 250 to 650 arcsec and from 1400 to 1900 arc-
sec were reported for the (00.2) symmetric and (10.2) asym-
metric reflections, respectively. These layers contain high

@ Springer


http://orcid.org/0000-0003-3271-9602
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-021-04770-9&domain=pdf

622 Page2of13

R. R. Sumathi

densities of screw dislocations (6 x 10® cm™) and edge dislo-
cations (2 x 10° cm™). Similarly, Al Ga, N (x = 0.54) films
grown on sapphire substrate by low-pressure MOCVD have
also been reported [8], and the films exhibited the (00.2)
XRD-RC full width at half maximum (FWHM) of about 597
arcsec. It has also been reported that a thick Al,Ga;_ N (with
x = 0.6) layers on low-defect-density bulk AIN substrates
could be achieved [9] with a thickness far exceeding the
critical thickness as given by the Matthews and Blakeslee
model. Furthermore, these grown layers with this composi-
tion were pseudomorphic. This work demonstrates the use of
low-defect-density material for high-power UV LEDs. The
use of low-defect-density bulk AIN substrates was shown to
lead reliable UV LEDs capable of mW level power outputs
that are emitting from 250-275 nm [10]. Because of this,
there is a great push for the progress in the growth of high-
quality bulk AIN crystals as substrates for deep UV LEDs.
Crystal quality, in terms of defects and impurities in AIN,
affects device performance, and it is important to understand
their properties and engineering them for realizing substrates
with low dislocation density and transparency in the UV-C
region. Like another III-N material family—gallium nitride
(GaN), the availability of AIN substrates in terms of both
size and quality (till now only up to 2 inch diameter) is still
rather limited and very expensive as compared to conven-
tional ITII-V materials, namely gallium arsenide (GaAs) and
indium phosphide (InP) substrates (available even up to
4 inches dia.). So far, sublimation-recondensation growth,
so-called physical vapour transport (PVT) growth, of bulk
AIN either by homo-epitaxy after native seeding on self-
nucleated crystals and subsequent crystal diameter enlarge-
ment with repeated growth process or by hetero-epitaxial
seeding on selective substrates like silicon carbide (SiC) are
reported widely and are more successful. Homo-epitaxial
growth realizes a much higher crystalline quality with a
lower dislocation density but enlarging the AIN crystals
to a size suitable for industrial scale ( > 4 inch) remains a
challenge. One of the advantages of the latter method is the
commercial availability of large diameter (up to 6 inches)
SiC wafers. In particular, the preparation of single crystal-
line AIN substrates by this approach is attractive if a large
diameter substrate production is necessary and one wishes
to bring down the wafer cost. However, structural quality

of the SiC substrate is crucial, and high-quality wafers with
less micro-pipe defect density are required to minimize the
decomposition of the SiC substrate and to reduce defects in
the grown AIN. A full UV transparency of this AIN mate-
rial remains an open issue due to the observation of optical
absorption typically in the blue and UV range due to chemi-
cal impurities.

Scrutinization of nearly all PVT-grown AIN crystals
exhibits a coloration (yellow or dark amber or even dark
green colour) due to the presence of chemical impurities
and point defects. The impurity incorporation and point
defect creation are relatively easy in such a high-temperature
growth process. All these are expected to introduce defect/
impurity related energy states in the band gap of the material
and may cause light absorption at the sub-band gap that can
interfere with the operation of optoelectronic devices. Impu-
rity identification studies show that most common impurities
are unintentionally incorporated in the grown material and
may be having a greater role on the sudden drop of transmis-
sion curve at the energies lower than the band gap [11]. In
Table 1, the onset absorption edge energy values of differ-
ent coloured AIN samples are presented [12—15]. Oxygen
(O) was regarded as the main impurity that contaminates
the AIN crystals, and it was noticed that the incorporation
of oxygen is accompanied by the formation of Al vacan-
cies (V,)). Also, it has been suggested that complexes of Al
vacancies and oxygen on a nitrogen (N) site are the dominant
form of V,; in as-grown AIN samples with the use of posi-
tron annihilation studies (PAS). Furthermore, defects on the
nitrogen sub-lattice (either Oy or V) have been observed by
electron paramagnetic resonance (EPR) examinations [16].
Based on these various experimental observation results,
preliminary assignments and possible explanations on the
microscopic mechanisms have been given. Further progress
to infer more detailed information and to get a complete pic-
ture about these states in AIN is needed, especially on those
optical absorptions including the deep levels which possibly
affect the performance of devices.

The PVT growth of AIN on SiC was intensively endeav-
oured by many research groups in the last decade. But,
because of various issues faced with, this approach has not
been considered as a prominent one by many researchers,
and they have not continued working with this approach

Table 1 Absorption edge and etch pit density (EPD) values of different coloured AIN crystals

Crystal colour Absorption edge EPD References

Transparent (colourless) 5.1eV 2x 10° cm™ Wang et al. 2019 [12]

Yellow 4.4 eV 4x10° cm? Bickermann et al. 2012 [13], Sumathi et al. 2013 [14]
Amber 43ev 6 x 10° cm? Sumathi et al. 2013 [14], Tandon 2009 [15]

Green 4.0ev 1.6 x 10° cm™ Bickermann et al. 2012 [13], Tandon 2009 [15]

Dark green 3.7eV NA Bickermann et al. 2012 [13]
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[17-20]. Nevertheless, a very few research groups like us
have given serious consideration to this approach and kept
continued working on this hetero-epitaxial growth method
[21-24]. To give an illustration of one such problem, the
observation of broad peaks in the blue and UV region of
the AIN absorption spectra is a big concern for the mate-
rial grown with the PVT system. On the other hand, this
problem is not only specific to PVT, but also, as it was later
found that the material synthesized by other methods like
MOCYVD [25], NH; source molecular beam epitaxy (MBE)
has also shown up such phenomenon. In this contribution,
we present and discuss in detail the common issues of the
hetero-epitaxial growth of AIN material on SiC substrate.
Particular attention was devoted to the frequent problems
encountered during bulk crystal growth, and their underlying
process-controlled solutions were investigated to solve some
of the issues, if not all.

2 Experimental details

AIN single crystals were hetero-epitaxially grown on Si-
face, (0001) SiC substrates by the PVT method using an
inductively heated reactor. Hexagonal polytypes (6H and
4H) of SiC substrates were used with different off-orienta-
tions (0°, 2° and 4°—off from (0001) plane towards [110]
direction). Bulk crystal growth was performed at the tem-
perature range of 1800—1900 °C in tantalum carbide (TaC)
crucibles under nitrogen (N,) atmosphere. Almost all the
grown crystals, investigated in this study, were of about
20-28 mm in diameter and up to 7 mm in thickness. AIN
source powder has been sintered at high temperatures of
around 2000°C for purification. The sintered source con-
tains reduced oxygen (0.02 wt%) and carbon (0.01 wt %)
impurities as measured by glow discharge mass spectrom-
etry (GDMS). Our crystal growth process of AIN can be
outlined as follows: (1) sublimation of sintered solid AIN
source material kept at the bottom of a TaC crucible, (2)
mass transport of the sublimed gaseous Al and N, spe-
cies driven by high thermal gradients and (3) deposition
of crystalline AIN material on the SiC substrate (placed
on the crucible top) by recondensation of the vapour. The
desired high-temperature gradient along the crucible was
accomplished by moving the position of the inductive coil
relative to the crucible. This is important for having a sig-
nificant aluminium (Al) partial pressure and to increase
the reactivity of N,, so that reasonable growth rates are
attained. By taking into consideration the etching of the
substrate by vigorous Al vapour, a moderate growth rate
of 20—40 um/h has been achieved. The growth rate can fur-
ther be increased through a careful increment in the axial
temperature gradient in the system, without accelerating
the decomposition and/or etching of SiC substrate by Al

vapour at high growth temperatures and also not affect-
ing growth mode. In this PVT configuration, the source,
vapour, seed and the growing crystal are contained within
the crucible. So, the impurity content of the grown crystals
mainly depends on the source purity as well as the crucible
material that should be properly selected.

In order to assess the structural quality (mosaicity)
of the grown crystals, high-resolution X-ray diffraction
(HRXRD) measurements were taken using Phillips X’ pert
Epitaxy diffractometer, in double axis geometry with a
four bounce Ge[220] monochromator for Cu K ;; radiation,
which provides an intense and highly collimated beam.
An open detector (minimum step 0.0001°) was utilized to
obtain the rocking curves (RC). RCs of symmetric 0002
reflection were obtained from the as-grown surface of the
samples. The X-ray beam footprint on the measured sam-
ples was approximately 1 x 2 mm?. Surface morphology of
the crystals was examined by optical as well as laser scan-
ning microscopy (LSM). Chemical analyses were carried
out using electron probe microanalysis (EPMA) and X-ray
photoelectron spectroscopy (XPS) techniques. CAMECA
SX100 EPMA apparatus with 5 spectrometers was used
in the wavelength-dispersive spectroscopy (WDS) mode
for the simultaneous measurements of all the expected
elements (Si, Al, C and N) from AIN grown on SiC. K,
lines of these elements measured separately with different
spectrometers were analysed for obtaining the quantitative
information of their incorporation into the grown crystals.
Nominally pure AIN crystal and highly pure commercial
SiC crystal samples were used as standard references for
the calibration. Surfaces of both the standards and the
measurement samples were coated with 15 nm carbon
layer for better conductivity to avoid surface charging.
In addition to (0001) surfaces, cross-sectional samples
were also prepared to investigate the incorporation of Si
and C along the grown crystal length by EPMA. The XPS
measurements were taken using a PHI 5000 VersaProbe I1
with a focused and monochromatic X-ray source (Al-Ka,
1486.68 eV), at approximately 12 kV and a vacuum of
10 mbar. The detected binding energy range was from 0
to 600 eV. Further analyses on impurities were performed
by Fourier transform infrared (FTIR) spectroscopy meas-
urements. For this, an Equinox 55 FTIR spectroscope
(Brucker) was used. Defect-selective chemical etching
was carried out using a KOH-NaOH (1:1) molten eutectic
etchant, and the defect densities were estimated using both
optical and LSM analysis. The surface finishing for most
of the measurements was done with mechanical polishing
using diamond paste up to the particle size of 0.25 um,
which resulted in the RMS surface roughness of around
4 nm, while chemo-mechanical polishing (CMP) was per-
formed for the defect-selective etching studies.
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3 Results and discussion: Various issues
in Hetero-epitaxial growth

In hetero-epitaxial growth of crystalline material, the sub-
strate plays a dominant role on the quality and the proper-
ties of the growing crystals such as dislocation density,
surface morphology and some extent to chemical com-
position that is influenced by the impurity content. AIN
layer grown on sapphire substrate by HVPE method shows
high number of dislocations exhibited by the broad XRD
rocking curves [26]. Further, AIN layers grown on Si (111)
substrates exhibit the dislocation densities in the order of
10% cm™ [27]. Hence, the choice of best substrate material
is very compelling. Some of the prerequisites that should
be considered, for choosing a substrate could be (1) good
matching of lattice parameter, (2) close matching values
of thermal expansion coefficient, (3) high structural per-
fection, (4) availability in large areas, (5) good thermal/
chemical compatibility and (6) free supply at a reasonable
cost. The thermal and chemical stabilities are additional
specific criterion for this high-temperature AIN growth
process. Both AIN and hexagonal SiC have the same space
group of “P6;mc”. AIN has the “a” lattice constant value
of 3.1106 10%, and for 6H SiC and 4H SiC, the “a” lattice
constant values are 3.0805 A and 3.0730 A, respectively.
So, the in-plane lattice constant mismatch of SiC with AIN
is small, only about 1% (0.96% to 6H SiC and 1.2% to 4H
SiC). In the light of the above-mentioned properties, 6H
and 4H SiC substrates could fulfil the needed requirements
and are the best possible candidates for the hetero-epitax-
ial seeding of AIN in the PVT growth. In particular, the
thermal stability of SiC is moderately good at tempera-
tures next to the lower limit of AIN crystal growth process.
Nevertheless, there have been many scientific and tech-
nological challenges in this growth process to overcome,
and we present and discuss here some of the major issues
encountered in such crystal growth experiments.

3.1 Formation of hole defects in the crystals

When an AIN crystal is growing on SiC at high tempera-
tures of around 1900 °C, decomposition at the backside
of the SiC substrate could occur simultaneously, although
the back surface is covered by a seed holder. Subse-
quently, this undesirable evaporation affects the growth
process and could provoke the formation of micro-holes
in AIN. The decomposition at the defect sites of the wafer
is much faster than in a defect-free region. In addition, the
micro-pipes inherently present in the SiC substrate fol-
low through the growth direction of the crystals and affect
the epitaxial growth. Micro-pipes are the crystallographic

@ Springer

defects often found in SiC crystals that are created due to
internal and external stresses during crystal growth [28].
They mostly arise due to the propagation of screw dislo-
cations having larger Burgers vectors [29]. These micro-
pipes present in the SiC substrate can replicate into over-
growing AIN layers and so could very well present in the
AIN crystals too. Nonetheless, it is possible to overgrow
these micro-pipes, if they were to emit dislocations into
the adjoining matrix [30], together with the optimized and
quick coverage of AIN during initial growth stages. It is
well known that the SiC single crystals are grown at very
high temperatures (>2000 °C) by the PVT technique and
hence the stress management is very difficult. The com-
mercially available 100-mm-diameter SiC wafers generally
contain a micro-pipe density of around 10 up to a few hun-
dred per cm?. It is to be mentioned that the substrates used
in this investigation contain nominal micro-pipe density,
especially the 4H polytype. Once these micro-pipes start
to propagate into the growing AIN crystal, then the crystal
will contain several micro-holes of varying sizes (up to
~100 um). Even macro-holes of 200 um in size, as shown
in Fig. 1b may also be formed due to strong back evapora-
tion of AIN at this defect site. These holes are prominent
in thin AIN crystals grown with less than 2 mm thickness,
but only very few numbers are present over the whole sur-
face of a crystal of 28 mm dia. The thin crystals (less than
2 mm thick) were usually grown with low growth rate, and
hence, in this case, AIN layer could not quickly cover the
SiC substrate, and also not thick enough to compensate
the back evaporation. But, when the growth is performed
with higher growth rates (to obtain bulk crystals of useful
thickness), the surface of SiC is fastly covered by AIN
layer in the initial stages itself and also thick enough to
compensate the back evaporation at the micro-pipes and
other defect sites. LSM height profile measurements were
taken on the holes, shown in Fig. 1a, on the AIN crystal of
approximately 500 um thickness. As could be seen from
LSM height profile (Fig. 1c), these holes are deeper than
600 pm, which is higher than the thickness of the actual
AIN layer. It shows that the holes originate from the SiC
substrate.

It is to be considered that two competing processes,
namely growth of AIN and decomposition of SiC substrate,
occur at the same time. If the AIN layer does not fully cover
the SiC substrate before the strong decomposition starts, it
will lead to the formation of such holes. This will be cru-
cial for further usefulness of these grown AIN crystals, such
as for native seeding for bulk growth or in epitaxial device
fabrication. These holes could be reduced by covering the
SiC substrate by AIN layer very quickly in the initial stages
of the growth. Currently, SiC wafers with zero micro-pipe
are sparsely available, and if they are used for this hetero-
epitaxial growth of AIN under controlled growth conditions,
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Fig.1 a, b Laser scanning
microscopy pictures of the as-
grown surface of an AIN single
crystal grown on SiC substrate,
exhibiting hexagonally shaped
macro-hole defect of more than
hundred um size, ¢ LSM height
profile of the micro-holes (in
Fig.1a); the profile line starts
from the left side hole and to
the right side
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then the formation of such micro-holes in AIN could further
be minimized or eliminated.

3.2 Coloration of the crystals

As already described in “Experimental details” section,
crucible plays a decisive role on the whole growth process.
TaC crucibles are preferred rather than tungsten (W) cru-
cibles for this hetero-epitaxial growth, because Si in SiC
reacts with W and forms low-temperature eutectics such
as tungsten silicides [31]. However, the utilization of TaC
crucibles and SiC seeds in a graphite heater environment
is naturally accompanied by the diffusion of Si and C into
the growing AIN crystal. Such impurities, even in modest

; um
200.00 708.45

300.00

400.00 500,00 600,00

concentrations, can increase the point defect density of the
crystal, change the crystal habit or account for absorption of
visible wavelengths by AIN, thereby changing the colour of
the crystals. The AIN crystals are usually transparent or light
yellowish in colour, and in general, oxygen is considered to
be the main impurity which causes the yellow colouration
[11]. The presence of oxygen in the growth environment is
detrimental because of the oxynitride and stacking faults
formation [32], which can decrease the thermal conductivity
and further may be the reason for specific below-band-gap
absorption. Hence, that is also considered as a critical impu-
rity which should be significantly reduced. Aluminium has a
strong oxidation nature and the oxidized AIN source powder
acts as a prime source for supplying oxygen to the vapour
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phase during crystal growth. Even after sintering the source
material at high temperatures (2000 °C) for several hours,
before performing the growth experiment, the concentration
of oxygen in the source may only be reduced to 0.02 wt%.
In our crystals, we have observed both the yellow and green
coloration as shown in Fig. 2a. The photograph of the cross-
sectional sample cut from one such crystal is also given in

FRAEEARERA .
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v ‘

Binding Energy (eV)

Fig.2 a AIN single crystal grown on SiC substrate, showing both the
yellow and green colouration; b interface cross section of one such
AIN crystal grown on SiC; the arrow indicates the growth direction.
The colour variation from yellow to green is clearly visible; ¢ XPS
spectra of a sample prepared from such a crystal showing silicon and
carbon impurities. The binding energy was detected in the range from
0 to 600 eV
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Fig. 2b for clear perception. The upward arrow in the picture
indicates the growth direction of the crystal (c-direction). It
could be seen that the first 3—4 mm of the crystal (starting
from the SiC substrate at the bottom) is yellowish and the
top part with approximately 2 mm thickness is dark green-
ish in colour. This type of green coloration is often reported
[13] in the literature as well. Some researchers even reported
the deep blue colouration of AIN crystals [33]. In order to
understand the cause of the green coloration, various inves-
tigations such as EPMA and XPS analyses have been per-
formed. The EPMA results indicated that these coloured
parts of the crystals have the average value of 2—4 at% Si and
5-8 at% C impurities, but fairly good regions of the crystals
with yellow coloration have less impurity concentrations,
of about 1.5-2 at% silicon and —5 at% carbon impurities.
From our cross-sectional EPMA measurement results, we
have seen that the Si concentration of approximately 10 at%
is present very close to the interface, but this Si concentra-
tion greatly reduces to 2 at%, within a distance of 500 um
from the interface. A continuous decrease in the nitrogen
content along the growth length of the crystal (blue arrow
indicated in Fig. 2b) has also been evaluated from the EPMA
measurement. It is known that the solubility of carbon is
good in III-nitride compounds. With the assumption of the
preferred incorporation of carbon on the nitrogen site, it can
potentially be reasoned that the increasing carbon content in
the crystal causes the dark green coloration in the top part of
the crystal. Further confirmations have been made by FTIR
spectroscopy measurements. A phonon mode related to the
stretching vibration of carbon atoms (C=C) was identified
in the FTIR spectrum (not shown here) at around 1650 cm™,
only for the top part of the crystal where the strong colora-
tion is seen. Hence, it is becoming more evident that the
incorporation of unintentional carbon substitutes the N site.
Carbon is an amphoteric impurity due to the fact that it is
a group IV atom, and it behaves like a donor when it is
incorporated on the cation site and like an acceptor if it is
on the anion site. But, due to the wide band gap of AIN, it
self-compensates itself and also creates a deep energy states,
thereby acting as a trap for other charge carriers.

Another interesting observation made in our growth
experiments is that when more carbon impurity is incorpo-
rated (i.e. in homo-epitaxy where there is no silicon envi-
ronment), the crystals look to have brown coloration. But, if
both silicon and carbon are incorporated in relative propor-
tion, then the AIN crystal colour turns to be green. A SiC
substrate with a high micro-pipe density may give up more
volatile silicon and carbon in the vapour phase. In order
to be convinced that the Si and C impurities are coming
from the substrate (for C, additionally from crucible/heater
environment) and not from the source material, the sintered
AIN source powder has been analysed by X-ray powder dif-
fraction measurements and subsequent Rietveld refinement
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has been carried out. The refinement analysis shows only
a-AlN phase, and no unintentional impurity phases could
be detected in the sintered source powder. We have also
performed EPMA measurements, but silicon and carbon
could not be found out, because of the concentration under
the detection limit. From our experimental investigations,
we propose that different impurity environments and their
incorporation during the growth process results in different
coloration of the crystals; namely, (i) brown coloration is
mainly due to carbon (even the crystals by homo-epitaxy
in TaC crucible with graphite heater), (ii) green coloration
is related to more silicon and carbon (mainly, crystals from
hetero-epitaxy in TaC crucible and graphite environment),
(iii) golden yellow coloration is primarily due to oxygen
together with silicon and carbon (usually, minimized impu-
rity incorporation in crystals from hetero-epitaxy in TaC
crucible and graphite heater), and (iv) light yellow or trans-
parent is mainly because of oxygen (homo-epitaxy crystal
grown in tungsten crucible/heater set-up, in the absence of
both silicon and carbon).

In the EPMA measurements, to avoid the surface charg-
ing effects, the surface of the sample was coated with a
conducting carbon layer, and hence, the C concentration
estimation may not be accurate. Moreover, detecting the
light elements like carbon is very difficult in this EPMA
technique. Hence, XPS measurements were taken to comple-
ment the EPMA measurements made on the good part of the
crystals. XPS spectrum of the hetero-epitaxially grown AIN
sample (yellow-coloured) is shown in Fig. 2¢c. The spectrum
shows all the expected elements (Al, N, C, Si and O) from
the AIN crystal grown on SiC. One can see that even in the
yellow-coloured crystals/regions, silicon and carbon peaks
with significant intensities are observed. The appearance of
C-1s peak at 285 eV with higher intensity indicates high
concentration of carbon incorporation, which correlates with
our results of EPMA. This might be because of three dif-
ferent sources for carbon (substrate—SiC, crucible—TaC,
heating element—graphite). Although the oxygen concentra-
tion of the sintered source material is around 0.02 wt%, sur-
face of the AIN sample exhibits high-intensity XPS peak for
oxygen and it may be due to native oxide formation on the
surface after keeping the sample in the atmosphere for long
time. Moreover, the sample was not sputtered with Ar-ion
before taking the measurements. For silicon, both the Si 2p
at around 101 eV and Si 2s at around 150 eV were detected,
which matches well with the reported binding energy values
in the literature [34]. The concentration of silicon impurity,
quantitatively derived from Si 2p peak, is about 1.7 at%, and
this value well correlates with the EPMA measurement data
for Si. So, it can be inferred that even good quality, yellow-
coloured AIN single crystals are being contaminated by cer-
tain amount of silicon from the substrate. The peak for Al
appears for the electron configuration 2s at around 120 eV

and 2p at around 75 eV. Nitrogen could be detected as 1s
electron configuration with a peak at approximately 395 eV.

3.3 Crack formation in the crystals
and polycrystalline rim

Different thermal expansion coefficients between AIN, SiC
substrate (mismatch ~ 1%) and also TaC seed holder cause
AIN crystal to become more stressed when it is cooled down
to room temperature, after the completion of the growth pro-
cess. Hence, the total thermal mismatch between these three
materials is the reason for crack formation in the grown AIN
crystal. As an example, the photograph of one of the 2-mm-
thick AIN crystals is shown in Fig. 3a, and the cracks are

Fig.3 Photographs of AIN single crystals. a Surface of a crys-
tal exhibiting crack formation; b polycrystalline rim grown on TaC
holder, surrounding the single crystalline part the crystal.
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clearly seen on the surface of the crystal. The density of
cracks increases when the single crystalline part is in contact
with the surrounding AIN polycrystalline rim. The formation
of AIN polycrystalline rim may be due to the fast evapora-
tion of the SiC substrate peripheries/edges, wherein the sub-
strate is rapidly and fully decomposing. Consequently, the
crystal growth occurs on polycrystalline TaC seed holder in
the edges, and hence, the polycrystalline AIN rim is formed
(Fig. 3b) surrounding the single crystalline area. As AIN
possesses anisotropic thermal expansion, it is understand-
able that the contact of the single crystal part with that of
AIN poly rim will produce additional cracks in the single
crystal. It leads to the problems in producing large-size AIN
wafers for device processing and hence the cracks should
be avoided. In homo-epitaxial growth, it is conventional
that additional heating elements are inserted near the seed
holder’s edge to avoid such polycrystalline rim formation,

Fig.4 a Photograph of AIN single crystal grown on on-axis SiC
showing high density of multi-nucleation; b AFM picture showing a
step flow growth of AIN on misoriented SiC substrates; ¢ laser scan-
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but this may not be applicable in this case of hetero-epitaxial
growth, since this will enhance the decomposition of SiC
even faster.

3.4 Multi-source nucleation and high mosaicity

When on-axis (0° off-oriented) substrates are used for the
growth experiments, 3D multi-source nucleation has been
observed in the crystals even in the as-grown surfaces,
as shown in Fig. 4a. The absence of steps and kink posi-
tions in these types of substrates leads to nucleation of
grains (3D islands formation) at many different places of
the surface of the seed, which might have started as 2D
nuclei in the initial stages. Growth on an on-axis substrate
offers large, atomically smooth surfaces and implies the
presence of a kinetic barrier for adatoms and suppresses
the diffusion length of adatoms. Hence, the layer coverage

1E+3

1E+2

Intensity (arb. unit)

1E+1

1E+0 ——
18,10

18,60 19,10

Omega (°)

ning micrograph (magnification: 20x) of a crystal surface grown on
2° off-oriented SiC; d X-ray diffraction rocking curve measured on
one of the worst crystals (case study), exhibiting high mosaicity
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on the whole surface is via the coalition of these differ-
ently nucleated grains, which governs the origin of tilt
and/or twist angle between them. This misorientation
angle hinders the formation of smooth and perfect (0001)
crystallographic plane or otherwise called c-plane. But the
off-oriented substrate offers closely spaced steps and the
growth proceeds with step flow mode as investigated using
atomic force microscopy (AFM) and as shown in Fig. 4b.
In this case, there are lesser chances for the formation of
3D nuclei. However, after the growth has been completed,
the surface of some thicker AIN crystals grown on 2° off-
oriented SiC substrates exhibit individual crystallites of
different sizes, which looks similar to macro-steps as pre-
sented in Fig. 4c. This type of crystallites/features might
be formed during cooling down process after the growth,
by the recondensation of remaining species still existing
in the vapour phase, at temperatures somewhat lower than
the actual growth temperature.

In the crystals that consist of 3D nucleated grains, occur-
rence of low-angle grain boundaries was more probable
that increases the mosaicity of the crystal, as seen by XRD
measurements. The XRD rocking curve measurements taken
on one such a bad crystal (this is the worst crystal grown
and only taken for illustration to show a higher mosaicity)
grown on on-axis SiC substrate exhibited a rocking curve
(peak) with a full width at half maximum (FWHM) value of
approximately 0.2° (i.e. 720 arcsec, Fig. 4d). This too high
value of FWHM (mosaicity) is unsuitable for device qual-
ity substrates and further impedes the usefulness of these
crystals for any device applications. Such a high mosaicity is
repeatedly reported for AIN crystals grown on SiC substrates
[33, 34]. But each single grain is of high quality, and when
measured by HRXRD, they show a sharp rocking curve with
a FWHM of 70-100 arcsec. It should also be mentioned
that all the individual grains are always (0001)-oriented. It
is remarkably a good value when compared to the recent
literature values of AIN/SiC samples, where the FWHM
values of >100 arcsec are reported [35]. This multi-source
nucleation could be reduced when off-oriented SiC wafers
(between 2° and 4° off) are used as substrates [36] with con-
trolled temperature gradient during growth. In general, the
decrease in vapour supersaturation and increase in substrate
misorientation angle result in the transformation of a sur-
face with 3D (or 2D) nuclei to that with steps [37]. The off-
oriented substrates provide step edges and kink positions for
easy attachment of atoms resulting in the step flow growth
or layer by layer growth. Further, in PVT growth, higher
growth temperatures (> 2000 °C) are beneficial for increas-
ing the surface kinetics (i.e. helping the atoms to properly
arrange themselves at the surface). But in AIN/SiC hetero-
epitaxy, the growth temperature cannot exceed 2000 °C that
will result in more thermal etching/evaporation of SiC sub-
strate. Hence, in this case, off-oriented substrates are more

beneficial. However, the growth on highly off-oriented sub-
strates ends up with step bunching.

3.5 High etch pit density

Though the lattice constant values favour the selection of
hexagonal SiC as a substrate over the other materials, still
the small difference in the values between SiC and AIN is
good enough to generate stress and misfit edge dislocations
at the hetero-epitaxial interface. These edge type disloca-
tions propagate through the crystal length and are detri-
mental to the lifetime of the devices. But the thick epitaxial
layers/bulk crystals, as like in our case, may have the oppor-
tunity to offset the lattice mismatch induced stress, with
growing thickness due to relaxation, and the quality of the
crystal is getting better as the length increases. There were
also screw-type dislocations and mixed dislocations found in
the crystal, exhibited by wet chemical defect-selective etch-
ing. The wet chemical etching allows a first, simple determi-
nation of defect structures and density. It was observed that
the impurity content of the samples influences the etching
time and temperatures of etching. For the etch pit density
analyses of the grown AIN samples, the optimum etching
condition was found to be 120-150 seconds at 350 °C. Most
of the etch pits are hexagonally shaped and are related to
threading dislocations. Longer duration of etching resulted
in over-etching of the samples and also merging of the etch
pits was seen.

Although the middle part of the crystal, depicted in
Fig. 2a, looks yellowish in colour, a slice cut from that part
exhibits different coloration at the centre (yellow) and at the
edges (green). This indicates more impurity incorporation
in the perimeter of the crystal. In such cases, high variation
in the etch pit density values was observed in the sample.
The etch pit density at the yellow regions of such slice is in
the order of 10° cm™ wherein the dislocations are uniformly
distributed (see Fig. 5a). But at the green regions of the same
sample, the etch pit density is observed to be at least one
order high. The EPD values of different coloured crystals
are presented in Table 1. It reveals that the green colora-
tion deteriorates the structural quality of AIN. Carbon and
silicon present in the growth environment act as additional
sources of local stresses by incorporating into the growing
crystal. Some areas, where the macro-holes were formed,
the etching was predominant. In Fig. 5b, the orientation of
the hole defect is visible, and in this case, the etch pits sur-
rounding the hole defect roughly mirror the shape of this
hexagonal hole. Further, the differently oriented lines of the
etch pits (for, for example, oriented in the directions [100]
and [010] as marked in the figure) meet at 120° angles. As
discussed in section 3.1, the hole defect in Fig. 5b reflects
the hexagonal symmetry of the crystal and the dislocations
in its close proximity are most likely a consequence of stress
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Fig.5 Optical micrograph of the wet chemically etched surface of the
slice cut from the middle part of the crystal of figure-1a, a at the cen-
tre yellow region with defect density of the order of 10° cm™; b at the
green-coloured edge where a macro-hole was observed. The etch pits
surrounding the macro-hole lie on the lines which mirrors the shape
of the hexagonal hole

deformation traces around the hole and therefore adapt the
shape in a macroscopic scale. The lowest etch pit density
values of the order of 10° cm™ obtained in the good portions
of the crystal are bit high for real device applications, as
compared to homo-epitaxial grown AIN substrate—10* cm™
[6] (for, for example, vertical device structures where the
light is extracted through the substrate).

4 Improved crystal growth and properties

With the continuous efforts for the past few years, it was
possible to successfully address some of the issues [38, 39].
For example, (i) the growth rate of 50 pm/h from the usual
growth rates of 20-30 pm could be achieved by optimiz-
ing the growth parameters (especially increasing the tem-
perature gradient, AT) in such a way to enhance the mass

@ Springer

Fig.6 Photograph of good AIN single crystals grown on off-oriented
SiC substrate with optimized process parameters showing a highly
uniform step flow growth, b very smooth surface without any cracks.

transport without increasing the decomposition of the SiC
substrate (i.e. temperature of growth). Two 1-inch-diameter
AIN crystals obtained using the optimized crystal growth
conditions, and having improved properties are shown in
Fig. 6a and b. Very smooth and uniformly stepped surface
morphology could be observed in these crystals. AIN crys-
tals grown in this study (either free-standing wafers or AIN/
SiC templates) have better structural properties in compari-
son with the other reported results of hetero-epitaxial growth
[35]. The detailed description of these results could be found
elsewhere [36]; (ii) the wafers produced from hetero-epitax-
ially grown crystals may be used as native seeds for growing
high-purity bulk crystals in tungsten crucible set-up with
tungsten heating elements (i.e. carbon-free environment), in
which these impurities can be reduced to a greater extent, for
producing deep UV transparent AIN samples. It is common
understanding that the major impurities in bulk AIN crys-
tals are O, C and Si and the key issue is their controllabil-
ity. Recently, high deep UV transparent AIN crystal grown
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under optimized crystal growth conditions was reported
[12]. A 60 mm dia. wafer with 98% usable area exhibit-
ing excellent UV transparency in the range 4.43-4.77 eV
(260-280 nm) with absorption coefficients of 14-21 cm!
was demonstrated. As long as a reasonable concentration
of silicon exists, a high deep UV transparency could be
achievable even though relatively high C and O impurities
are present in the AIN crystals. Despite the growth issues
stated in this article, for the development of large-area
native seeds of AIN, hetero-epitaxial growth approach on
SiC looks very promising [12, 40] when compared to other
approaches, namely self-nucleation and subsequent homo-
epitaxial seeding, where the lateral diameter enlargement
and iterative growth runs are cumbersome and time-consum-
ing [41]. However, the availability of high-quality large-area
(> 4 inch) SiC substrates as seeds with low defect density
and with a very few (better zero) micro-pipes is crucial for
hetero-epitaxy to grow large diameter AIN single crystals.

5 Persisting issues
5.1 Lower growth rate

Decomposition of the SiC substrate as well as the propa-
gation of micro-pipes can be reduced to some extent, by
performing the growth experiments at relatively lower tem-
peratures. However, once when the growth temperature is
reduced in the experiment (i.e. lower than 1850 °C), the
obtained growth rate is 50 um/h due to the fact that the
growth rate is exponentially decreasing with decreasing
temperature. As a result of this, it takes much longer time to
grow a fairly thick crystal as compared to homo-epitaxy, in
which the growth rate is at least 4 times more. The growth
rate is determined mainly by the surface kinetics thus in turn
by the crystal growth temperature. The typical temperature
of AIN growth on SiC substrates is 200-300 °C lower than
that of the growth on native AIN substrates, where high tem-
peratures could be applied, and a growth rate of 200 pm/h
could easily be attained. A growth rate of 200-250 pm/h is
very attractive and expected for industrial production.

5.2 Unintentional impurities

In AIN, as shown above, the unintentional impurities incor-
porated during the growth process some way influence the
morphology, the chemical content and the coloration of
the crystals. However, these impurities do not have much
adverse effect on the structural properties. On the other
hand, the optical and electrical properties are strongly
affected. Particularly for DUV light sources, the optical
transparency of the AIN substrate in the wavelength region
of 210 — 280 nm is an important requirement for the vertical

device structures, where the light extraction through the sub-
strate is necessary. But the unintentional impurities exhibit
optical transition bands below the band gap energy, close to
blue and UV regions. It is reported that these below-band-
gap absorption bands are attributed to the presence of Al
vacancies (V,,), substitutional impurities (carbon, oxygen)
and their complexes [42]. In addition to the crucible material
(mostly TaC) and the purity of the source, the SiC substrate
as well determines the extensiveness of the concentration
level of these impurities. The origin for a very strong below-
band-gap absorption is assigned to the high concentration
of C impurities [43] present in the material. While using
TaC crucible set-up, unintentional C incorporates mark-
edly from the surrounding graphite environment within the
growth chamber and is extremely difficult to completely
avoid it. In the PVT growth of bulk AIN single crystals, usu-
ally two types of experimental set-ups are widely used: (i)
fully tungsten (W)-based set-up, where all the materials for
construction such as crucible, substrate holder, heater coils
are made of only W, and there is less or no possibility for
carbon incorporation from the growth environment; and (ii)
TaC-based set-ups, where only the inner crucible and sub-
strate holders are prepared from TaC, and other remaining
parts such as heating elements and susceptors are built from
graphite. Obviously, there is more carbon incorporation from
the surrounding environment during growth. Further the TaC
crucible itself consists of a certain level of carbon, which
can also add into the growing crystal. In our growth experi-
ments, we have used carburized Ta crucibles kept together
with the outer graphite crucible. The details of the growth
set-up could be found elsewhere [44]. Optical absorption
of crystals grown under different conditions is quite differ-
ent [13]. From the literature, it is more or less clear that
the complete optical transmission up to 210 nm wavelength
is a common problem to the AIN crystals grown using all
the approaches of PVT growth whether it is self-nucleated,
hetero-epitaxially grown or homo-epitaxially grown. Despite
the fact that the lowest concentrations of impurities (< 10'®
cm™) could be controlled in the pure tungsten set-ups [42],
still the below-band-gap optical absorption in the grown
crystals is unavoidable. Hence, one may suspect that the
native point defects that could be created at very high growth
temperatures of AIN might also play a decisive role. The
origin and a clear assignment for deep UV optical absorp-
tion is still under debate in the literature. It was also reported
that the presence of oxygen increases the transparency of the
crystals grown under C environment [45]. A certain O-to-C
ratio is stated to be required to achieve high deep UV trans-
parency in AIN wafers. In contrast to that conclusion, the
superiority of the deep UV transparency was attributed to Si
[12], which forms a stable nearest-neighbour Cy—Si,; com-
plex and significantly reduces the absorption and emission
peaks. There were already some predictions in the literature
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reporting that co-doping AIN crystals with Si suppresses
the unwanted 4.7 eV (265 nm) absorption associated with
high concentration of isolated carbon acceptors, by forming
nearest-neighbour complexes [46]. But, no DUV transpar-
ency (> 80%) with homogeneous absorption property in the
entire range of 210-280 nm is so far reported for AIN crys-
tals grown along [0001] direction. The hetero-epitaxially
grown crystals show even high mosaicity represented by a
broader HRXRD FWHM peaks [47] and a high EPD value
of 10° cm™ revealed by preferential chemical etching. This
obstructs the real utilization of AIN as a substrate material
for the fabrication of DUV light sources.

6 Conclusions

In the present work, an insight into the common encoun-
tered difficulties in growing AIN on SiC substrates by the
hetero-epitaxial growth approach by the PVT method has
been given. Unlike other approaches and methods, this does
not require any additional steps of growing a AIN buffer or
patterning on the substrate to reduce dislocations, propaga-
tion of micro-pipes defects and also, to avoid cracks due
to lattice and thermal expansion coefficient mismatches
of substrate material and AIN. Many issues related to this
approach, namely micro-hole defect, crystal coloration,
crystal cracking, 3D multi-source nucleation, high defect
density and low growth rate, have been dealt in detail. Pos-
sible suggestions are described for overcoming most of these
issues, if not all, like process modification and controlling
the initial stages of growth. AIN crystals exhibit different
colours such as brown, green, golden yellow or light yellow
depending on the growth set-up materials/environments and
their corresponding impurity incorporation into the growing
crystal. The discussions and results are supported by the
various data from different analytical methods. This crystal
coloration influences the structural property of the crystal as
assessed by wet chemical etching and EPMA. By applying
suitable modifications, viz. temperature gradient, controlling
the SiC substrate decomposition, a successful growth of bulk
AIN single crystals of slightly bigger than 1 inch diameter
has been attained using the hetero-epitaxial approach. X-ray
rocking curves of the good samples usually show a narrow
FWHM value, and the EPDs are also only in the order of
10° cm™. The hetero-epitaxial approach using SiC substrates
has an advantage of achieving wide-area AIN substrates (>
4 inch) within a reasonable time frame. Large diameter SiC
wafers (about 6 inch) are readily available with relatively
moderate cost. As the cost of the SiC wafers may go down
further in the next years, this approach would even then be
more attractive if the problems like mosaicity, comparatively
high defect density are solved. We believe that a possibility
of 3—4-inch AIN wafers for device community is imminent

@ Springer

in future and further scaling up beyond that size would also
be feasible.
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