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1 Introduction
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Bulk AIN single crystal growth on foreign substrate and
preparation of free-standing native seeds

R. Radhakrishnan Sumathi*

Physical vapour transport growth of aluminium nitride (AIN) single crystals on silicon carbide (SiC)
substrates has been optimised and crack-free, large-area, free-standing (0001) AIN wafers were prepared
from the grown template crystals. 28 mm diameter single crystals without any polycrystalline surroundings
were obtained. Different off-oriented substrates give rise to different growth modes. Sharp and symmetric
line shapes of X-ray diffraction (XRD) rocking curves and high intense Raman phonon mode peaks prove
high structural quality and homogeneity of the grown crystals. Full width at half maximum of the rocking
curves is 72 arcsec for symmetric 00.2 reflection and 200 arcsec for asymmetric 10.3 reflection, representing
a low screw as well as edge type threading dislocations. Wet chemical etching results also confirm the
above XRD results and the estimated etch pit density is as low as 2-5 x 10° cm™~2. The growth surfaces of
all the crystals show only Al-polarity as inferred by the etching analysis. The concentration of silicon and
carbon impurities incorporated from the SiC substrate decreases with the growth length of the AIN
crystals. These impurities might play a decisive role in determining the optical properties of the crystal and
be responsible for the absence of near-bandgap excitonic luminescence. Confocal Raman spectra show
only the phonon modes allowed by the selection rules for the measured symmetry. The observed Ex(high)
phonon mode frequency very closely matches the reported stress-free phonon frequency of AIN. This work
demonstrates that AIN templates prepared on SiC as a foreign substrate can be used as native seeds for
the growth of further homo-epitaxial layers and crystalline boules.

LEDs have been fabricated on AIN template layers that are
again grown on sapphire as substrates due to the lack of

The superior physical and chemical properties of AIN, such as
ultra-wide direct bandgap,” high melting point,> high
thermal conductivity,’ high resistivity, high breakdown field,
high thermal and good chemical stability, good mechanical
strength, radiation hardness and miscibility with gallium
nitride (GaN) in the entire alloy region® make it technologically
important. Solid-state optoelectronic devices such as light-
emitting diodes (LEDs) and laser diodes (LDs) based on III-
nitride materials, emitting in the ultraviolet (UV) spectral
range are of great interest for various applications. These
include water purification, sensors, bio-agent detection sys-
tems, medical diagnosis devices, UV curing and material
processing. Especially efficient, high-power mid-UV LEDs,
which emit in the 240-280 nm range, have the potential to
replace mercury lamps presently used in water and air
purification applications. However, this potential has not yet
been fully realized since output powers, efficiencies and
lifetimes of these mid-UV LEDs have been limited by the high
defect level in the device’s active region. Typically, the mid-UV
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readily available native substrates. These template layers had
dislocation densities greater than 10" cm 2. Several strategies
have been utilized to reduce the dislocation density (DD) in the
active region of the LED device, including lateral overgrowth,
thick template layers, and pulsed epitaxial growth. Even then,
these methods were only successful in reducing the DD to the
10® em ™ ? range.® This high DD limits both the efficiency and
the reliability of devices grown on such layers.”® An alternative
and also possibly the best approach for reducing the DD is the
use of a low defect AIN substrate.’

Currently, physical vapour transport (PVT - also known as
the sublimation-recondensation method) is the most success-
ful and widely used method for producing large area AIN
native substrates. It is difficult to grow AIN by conventional
melt growth or solution growth methods because of its
extreme properties. The PVT method can be used to grow
AIN with low dislocation densities at a reasonably high growth
rate which makes it attractive for industrial productions.
However, a significant decrease of optical transparency'® ™ is
usually observed at photon energies below the bandgap,
attributed to the presence of Al vacancies (V,;), substitutional
impurities (carbon, oxygen) and their complexes. Another
method for preparing AIN with good optical properties is
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growing a thick AIN layer by hydride vapour phase epitaxy
(HVPE) on foreign substrates such as SiC or sapphire and then
separating the layer, although the growth rate is very low. A
free-standing AIN substrate is usually obtained through
removal of the back-substrate by cutting and optically
polishing both sides. Substrates prepared by this method
showing a steep optical transmission cut-off near the band
edge have also been reported. But, owing to different lattice
parameters and thermal expansion coefficients between AIN
and the foreign substrates, generation of high densities of
dislocations (>10” em™?) and cracks in the layer is a severe
problem with this method. Therefore, use of AIN substrates
prepared by the sublimation-recondensation method as
starting seeds even for the HVPE method becomes one of
the good choices in the preparation of free-standing AIN
wafers having both deep-UV transparency and high crystalline
quality.”® We believe that the most economically effective way
of producing AIN single crystalline wafers for any device
applications is to develop reproducible processes for growing
bulk single crystals and then do subsequent wafer slicing. This
approach will have an advantage in the sense that the crystal
can be sliced in various directions and so substrates with
required orientations, including non-polar and semi-polar
ones, could in fact be obtained. So the development of large-
area AIN with PVT technique is of significant relevance
particularly for UV devices.

As AIN does not exist by nature, different means of
obtaining seeds for single crystal growth have to be looked
at. These may include spontaneous nucleation, grain selection
and further expansion and growth on readily available foreign
substrates such as silicon, SiC and sapphire. The spontaneous
nucleation yields crystals of highest structural perfection, but
they are very small in size and limited in shape. Seeding on SiC
substrate seems to be especially promising to rapidly obtain
bulk AIN crystals of industrially-relevant dimensions. Though
the lattice and thermal expansion mismatch properties favours
the selection of SiC over the other materials, still the small
difference in those physical properties are good enough to
generate defects at the AIN-SiC interface and/or mosaicity
present in the SiC seed might lead to formation/continuation
of grain boundaries and tilted domains in AIN, which are
undesirable when using such crystals as seeds for subsequent
homoepitaxial growth. Hence, one of the main issues in the
PVT growth of AIN is to optimise proper growth process
conditions in order to yield crystals with reduced defects as
mentioned above. The other issue is that the incorporation of
unintentional impurities such as silicon, carbon, oxygen, into
the grown crystals and controlling such contamination will be
the key prerequisite. These two problems pose a stiff challenge
and need to be solved quickly for any future development and
commercialisation of AIN substrates prepared by this method.
In this research study, we address one of the hindering issues
namely the structural quality of the crystals in the hetero-
epitaxial growth and attained remarkable improvement.
Furthermore the grown material was also evaluated in the
limelight of intrinsic defects/impurities combinations in
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respect to their optical properties, which makes a greater
impact on deep-UV absorption in PVT grown bulk AIN.

2 Experimental

Bulk AIN single crystals were grown hetero-epitaxially on
(0001) SiC substrates using PVT method with an inductively
heated reactor. Different hexagonal polytypes (6H and 4H) and
off-orientations (0°, 2° and 4° from (0001) plane, i.e. c-plane) of
the substrate have been investigated. The crystals were grown
in the temperature range of 1800-1900 °C in tantalum carbide
(TaC) crucibles. The AIN source powder has been purified by
sintering at high temperatures around 1900-2000 °C (above
the growth temperature), to reduce the addition of oxygen and
carbon impurities starting from the source itself. Pre-sintered
AIN source powder sublimes from the bottom of the TaC
crucible kept at a relatively higher temperature, and the crystal
grows by recondensation on the SiC seed at the top of the
crucible maintained at a relatively lower temperature. The
system was pumped down to high vacuum and a constant flow
of high-pure nitrogen was then introduced with a pressure of
about 300-700 mbar as determined for the required growth
rate. The corresponding source and seed temperatures were
measured using two infrared optical pyrometers. The desired
temperature gradient along the crucible was controlled by the
position of the inductive coil relative to the crucible and a
moderate growth rate of 20-40 pum h™' has been achieved,
taking in to consideration, the etching of the substrate by
vigorous Al vapour.

In order to evaluate the crystalline quality and structural
perfection of the grown crystals, high-resolution X-ray diffrac-
tion (HRXRD) and confocal Raman measurements were
carried out. The w-scan rocking curves (RC) were measured
using a Phillips “X’pert epitaxy” instrument in double axis
geometry using a Cu Koy X-ray source with a four-bounce
Ge[220] monochromator. The foot-print of the X-ray beam on
the measured samples was approximately 1 x 2 mm?
Additionally, the symmetry and unit cell parameters of the
grown crystals were checked using an Oxford Gemini Ultra A
diffractometer. An enhanced Mo Ko X-ray source with A =
0.71073 A was used in these measurements, and the beam
collimator diameter was 0.1 mm. Confocal Raman measure-
ments were carried out using a Labspec Xplora system with a
50 x objective and 1800 mm ™' grating. The 532 nm laser was
used for the excitation and the line positions were determined
with a nominal spectral resolution of 1 cm™" for the utilized
grating. Surface morphology of the crystals was examined by
optical as well as laser scanning microscopy (LSM). Wet
chemical etching with KOH : NaOH eutectic melt was
performed on the polished c¢-plane samples to analyse the
polarity and defect density. In addition, cross-sectional
samples were also prepared to investigate the incorporation
of silicon (Si) and carbon (C) along the grown crystal length by
electron probe microanalysis (EPMA). Optical properties of the
crystals in terms of impurity-related below-bandgap transi-
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tions were analysed by room temperature cathodolumines-
cence (CL) measurements. The CL measurements were
performed using a scanning electron microscope attached
with an UV-enhanced CCD camera/monochromator setup. The
measurements were carried out with a nominal beam current
of 130 nA at 20 kV acceleration voltage. It should be mentioned
that all the measurements (if not mentioned specifically) were
carried out on either as-grown or polished c-plane surfaces,
prepared 3-5 mm away from the AIN-SiC hetero-interface. The
mechanical polishing (using diamond paste up to the particle
size of 0.25 pum) of the samples prepared from the crystals
gives the RMS surface roughness of around 2-4 nm, which
could be a sufficient surface finish for the measurements.

3 Results and discussion

3.1 Bulk AIN crystals, surface morphology and growth mode

During this study, different growth parameters such as
temperature, N, pressure, temperature gradient, source purity,
etc., have been investigated and optimised. The grown AIN
single crystals are of 28 mm in diameter and up to 8 mm in
thickness. They are typically transparent-yellowish or amber in
colour and exhibit excellent hexagonal morphology (Fig. 1a)
including flat, well-pronounced c-facets (basal plane). The
quality of the starting substrate is important to get a good AIN
crystal. The micro-pipes (crystallographic defects) in the SiC
substrate will affect the epitaxial growth by following through
the growth direction of the crystals. Once they propagate into
the growing AIN crystal, the crystal will then contain micro-
holes. Even macro-holes may also be formed due to strong
back evaporation at this defect site. This will be critical for
further usefulness of these AIN crystals as native seeds or in
epitaxial device fabrication. Two competing processes, namely
growth of AIN and decomposition of the SiC substrate occur at
the same time. If the AIN layer does not fully cover the SiC
substrate before it is decomposed, this will lead to the
formation of such holes. In our experiments, the growth has
been performed at somewhat lower temperatures to mitigate
the propagation of micro-pipes if any, as well as the back
sublimation of both SiC and the growing crystal. Thus, the

(@)

View Article Online

grown crystals do not have any macro- or micro-holes. The
crack in the grown crystals, due to the difference in the
thermal expansion coefficient mismatch between AIN and SiC,
has also been eliminated under the applied process condi-
tions. It may be pointed out here that AIN crystals grown on
SiC should be at least 1.5-2 mm thick in order to avoid
cracking during cool-down from the high growth temperature.
One of the typical crack-free surfaces of a 3.5 mm thick AIN
single crystal is shown in Fig. 1a. In all the grown crystals, the
presence of well-developed, shiny {101n} side facets (indicated
by arrows in Fig. 1a) shows the high crystalline quality. Further
the crystals are free from the polycrystalline rim and this is one
of the reasons for the elimination of cracks and also for the
formation of good facets. The reproducible and well-controlled
growth process was achieved under the optimised conditions.

Three kinds of growth modes depending on the off-
orientation of the SiC substrates were observed on the AIN
crystals grown under the same process conditions. The growth
morphology was not influenced by the substrate polytypes: 1)
in the first case (as in Fig. 1a), the crystals have a single
nucleation point at one edge of the crystal. A step-flow begins
at this point and smoothly flows to the other end. This
represents a 2D layer growth mechanism without any island
formation. Usually this kind of continuous step-flow growth is
observed when 4° off-oriented substrates were used. In
addition, in such crystals, the single nucleation center is
hexagonal in morphology with many spiral steps surrounding
it. The optical microscopic picture of this nucleation center is
shown in Fig. 1b. However, the high off-orientation addition-
ally results in macro-step formation or step-bunching (Fig. 2a
and c). Foreign particles and impurities deposited on the
surface are possible causes of such a step bunching."* Further,
it has been reported that during nitrogen doping in SiC crystal
growth, the equidistant step trains can be transformed into
meandering macro-steps by nitrogen adsorption on the
growing crystal surface.”> During this AIN growth on SiC
substrates, even though there are no intentional dopants, Si
and C impurities might play a dominant role in the formation
of macro-steps. The silicon concentration of 1-2 wt% has been
detected in the crystal surface by EPMA measurements. The
carbon concentration could not be accurately measured by
EPMA, nevertheless the semi-quantitative value of ~6 wt%

Fig. 1 (a) AIN single crystal grown on 4° off-oriented 4H-SiC substrate showing a crack-free surface and uniform step-flow growth; {101n} side facets are indicated by
arrows. (b) A single nucleation center on the flat surface, also exhibiting hexagonal morphology with spiral steps.

2234 | CrysttngComm, 2013, 15, 2232-2240

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c2ce26599k

Published on 07 November 2012.

CrystEngComm

View Article Online

Paper

Fig. 2 (a) Macro-steps observed on the crystal surface, grown with off-oriented substrate. (b) Uniform characteristic step-flow on the flat region. (c) Step-bunching
between the two terraces. (d) LSM picture showing the 3-dimensional multi-nucleation in the crystals grown on on-axis substrates.

could be estimated. The observed macro-steps are not very
straight and they flow as wave with significantly varying
spacing along the steps. These steps are greater than 20 pm in
height with broad terraces of 100-200 pm width as displayed
in Fig. 2a. But, very smooth steps were observed as shown in
Fig. 2b, on the flat surface region (see right hand side of the
Fig. 1a) and no inclusions were noticed microscopically.

2) Some of the crystals exhibit a single nucleation center at
the middle of the surface and show growth morphology as if
they have been growing as a single spiral. The steps starting
from the growth spiral are flowing smoothly in all directions
(not shown here). This kind of growth mode is normally
observed while using slightly off-oriented (2°) substrates. The
optimum vapour supersaturation of case-1 is relatively high for
this case.'® 3) If the on-axis (i.e. 0° off-orientation) substrates
are used, the growth starts with multi-nucleation and the
crystal surfaces are characteristic of many concentric rings
with both circular and hexagonal morphology, suggesting a
screw dislocation-mediated 3D island growth (Fig. 2d). On the
other hand, some studies carried out on nitride’” and other
material systems'® have reported that the concentric, closed
ring structures correspond to edge dislocations. These
concentric rings are of varying size (up to 200 pm) and height
(up to 3 um). There are also some grain boundaries formed in
these crystals. The grain boundaries are decorated by small
spirals on the as-grown surface and are clearly seen in the
Fig. 2a as marked by an arrow. This growth mechanism
suggests that the on-axis substrates may not be ideal for the
growth of AIN by this method. Although in all the above three
discussed cases most of the growth conditions were main-
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tained almost identical, it should be mentioned that there
might be always very slight changes in the temperature field
due to continuous degradation of crucible/insulation/heating
materials.

3.2 Structural quality

3.2.1 X-RAY DIFFRACTION ROCKING CURVES. m-scan rocking curve
full width at half maximum (FWHM) values of symmetric 00.2
reflections of the grown crystals are usually around 100 arcsec.
Some samples even show very narrow rocking curves with
FWHM values less than 100 arcsec, indicating a very high
crystalline quality of the grown crystals. Fig. 3a and b show
HRXRD rocking curves of the symmetric 00.2 and asymmetric
10.3 reflections of the AIN crystals grown on various SiC
substrates (on-axis 6H and 2° off-axis 4H). For both the
samples shown here, the rocking curves for the symmetric 00.2
reflection are narrow with the FWHM values of 72 and 110
arcsec. The peaks are symmetric in shape, which indicates a
uniform crystallographic tilt distribution of neighbouring
subgrains and also reflects less mosaicity. The asymmetric
10.3 reflection of the samples gives slightly broad peaks with a
FWHM of around 200 arcsec (by Gaussian fitting) showing a
larger twist angle between the subgrains rather than the tilt
angle. This indicates that the edge type dislocations, which
primarily distort the asymmetric planes, are higher than the
threading screw dislocations. Nevertheless, this value of 200
arcsec is fairly good since the creation of edge threading
dislocations are generally more in the case of hetero-epitaxial
growth. Additionally, these asymmetric curves exhibit a small
shoulder to the left side of the main peak. This peak splitting
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Fig. 3 X-ray diffraction rocking curves of AIN single crystals grown on different SiC substrates (a) symmetric 00.2 reflection (b) asymmetric 10.3 reflection.

implies the presence of low-angle grain boundaries (LAGBs).
The symmetric (00.2) rocking curve measurements performed
at different points over the surface of a 1-inch diameter
template show no significant change in FWHM values and
peak positions/intensities, indicating good structural homo-
geneity of the samples. The obtained FWHM values in this
work are much lower than the already literature-reported
values for AIN crystals grown on SiC substrates,"""**° and are
almost comparable with the homo-epitaxially grown crys-
tals.>"*?

The unit cell parameters were calculated for the crystals by
measuring all possible reflections. The average value of the
unit cell parameters, measured for this hetero-epitaxially
grown AIN crystal on 2° off-oriented 4H-SiC substrate, are a
=3.110(17) A and ¢ = 4.985(13) A which vary slightly (in the
order of 10~%) from the homo-epitaxially grown AIN crystals™
(a = 3.1111 A; ¢ = 4.9808 A). The slightly reduced “a” lattice
constant implies a small compressive strain in the grown
crystals and likewise, the increased ‘“c” lattice parameter
indicates that the layers have a tensile strain along the growth
direction. Nonetheless, these values show a fairly less lattice
deformation when considering the lattice mismatch between
AIN (@ = 3.1111 A)** and 4H-SiC (a = 3.0730 A)** under the
established crystal growth conditions.

3.2.2 CONFOCAL RAMAN MEASUREMENTS. Structural properties of
the grown crystals were additionally evaluated by Raman
spectroscopy in backscattering geometry with Z(X,X)Z polar-
isation. Fig. 4 shows a confocal Raman spectrum of an AIN
single crystal grown on a 4° off-oriented 4H-SiC substrate.
Only the phonon modes that are allowed by the selection rules
for this symmetry (c-plane AIN) are seen in the spectrum. Their
positions are: E,(low) mode at 247.7 cm ™ ', the E,(high) mode
at 656.9 cm™ ' and the A;(LO) mode at 890.9 cm™'. These
peaks are always present in all the crystals and the peak
positions closely match with the unstrained, self-nucleated
AIN crystal.> Particularly, the E,(high) mode, which is
considered to be the measure of the quality, is only 0.5 cm ™"
shifted from the stress-free AIN value of 657.4 cm ™" and it also
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has a low FWHM value of 18 cm™'. This small shift in peak
position towards lower wavenumbers indicates the presence of
a very low tensile stress or can even be described as nearly
stress-free. As mentioned in the previous section, the slightly
higher “c” lattice parameter value also supports this result.
Further, there is no peak splitting of the E,(high) mode, unlike
what has been reported*® for AIN grown on SiC due to some
inclusions which give unallowed TO phonon modes.”” It
should also be mentioned that the measurements performed
at different places on the as-grown surfaces also exhibit only
the allowed LO phonon modes for this symmetry. This implies
that the as-grown surface is very smooth and has no inclusions
or holes (absence of TO modes). The E,(high) FWHM value
presented here is the lowest value reported for the hetero-
epitaxially grown AIN crystal as far as we know. But when
compared to self-nucleated,®® nominally pure crystals, these
obtained FWHM values of E,(high) and A,(LO) are larger,
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Fig. 4 Raman spectra of AIN single crystal grown on 4° off-axis 4H-SiC

substrate, showing a narrow E(high) peak. Two inset graphs show the presence
of silicon and carbon impurities.
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indicating the considerable defect as well as impurity
concentrations in the crystals.

There are two additional low-intensity broad bands observed
in all the samples at around 480-580 cm ™" and 920-960 cm ™.
The enlarged view of these bands is shown as insets in Fig. 4.
These weak features are presumably attributed to the local
vibrational modes (LVMs) of silicon and carbon impurities
respectively. These LVMs perturb the intrinsic crystal vibra-
tion, causing the asymmetric line shape of the LO phonon
mode.>” Furthermore, the presence of a high concentration of
free-carriers of donor (in this case silicon) or acceptor (mainly
carbon) impurities may strongly couple with the A;(LO)
phonon and can also affect the line shape symmetry.>® This
phonon-plasmon coupling may be one of the reasons why it is
quiet difficult to obtain good conductivity in AIN. This could
also be the reason for the observed line shift of the A;(LO)
mode by 1 ecm™' with respect to the reference value.®
Nonetheless, these two impurities (i.e. Si and C) are unavoid-
able in this hetero-epitaxial growth due to the fact that they are
unintentionally added into the growing crystal from the SiC
substrate. But, their concentration reduces sharply with the
distance while moving from the interface as seen by EPMA
analyses®® and further confirmed by the decreasing intensity
of these broad LVM peaks with the grown length of the
crystals.'® Further efforts will have to be devoted to address
one of these remaining issues with this hetero-epitaxial growth
method so as to control and/or to reduce the incorporation of
these two main impurities.
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3.2.3 WET CHEMICAL ETCHING ANALYSIS. Defect-selective wet
chemical etching of AIN has been carried out on the chemo-
mechanically polished samples. Proper etching conditions
were found out by varying the temperature, time as well as the
KOH : NaOH eutectic ratio. The etching time and tempera-
tures seem to be influenced by the impurity content of the
samples. For revealing defects in AIN grown on SiC, the
optimised time of etching is in the range of 120-150 s and a
temperature of around 350 °C. Longer time or higher
temperature etching resulted in over-etching of the samples
and also merging of etch pits together. Etch pits were clearly
revealed with the KOH : NaOH ratio of 1 : 1. Fig. 5 shows the
optical microscopic images of typical etch features seen with
the AIN samples grown on 2° off-oriented 4H-SiC substrates.
The grown crystals always exhibit “Al-polar” growth surface
independent of the substrate polytype. Moreover, ‘“N-polar”
inversion domains were not observed in the etched surfaces.

In Fig. 5a, the screw- (bigger pits), the edge- (smaller pits)
and the mixed-type (medium pits) threading dislocations are
distinguishable. As can be seen from Fig. 5b, the etch features
consist of hexagonal idiomorphic etch pits as well as oval-
shaped pits (as marked by an arrow). The symmetrical
hexagonal pits are the typical etch pits revealing Al-polarity
of the surface. The oval-shaped pits are asymmetrical in shape
and have a long tail, implying that they are inclined with
respect to the (0001) surface. They are attributed to basal plane
dislocations (BPD), and these BPDs are the result of thermo-
elastic stress. The density of BPDs is higher at the edge of the
wafer indicating more thermo-elastic stress in the periphery of

Fig. 5 Etch pits on the "Al-polar”” growth surface of the AIN grown on a 2° off-axis SiC substrate. (a) Hexagonal etch pits showing screw (big pits) and edge (small pits)
dislocations. (b) Picture of idiomorphic etch pits and oval-shaped basal plane dislocations marked by arrow. (c) Uniform distribution of etch pits. (d) A long dislocation

line representing LAGB.

This journal is © The Royal Society of Chemistry 2013
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the crystal. This can be attributed to the radial temperature
gradient inside the crucible.’” The etching was also carried out
on the wafers cut longitudinally from different lengths of the
crystal (i.e. from the bottom to the top part) in order to
understand the propagation of misfit-related dislocations. The
samples from the near interface regions (i.e. 1 mm away from
the interface) show a total etch pit density (EPD) in the order of
10° em ™2, while the samples from the top part (i.e. 5 mm away
from the interface) exhibit a reduced EPD in the range of 2-5
x 10° cm™ 2. This shows that all the misfit-related dislocations
are not propagated through the grown length due to strain
relaxation and thus their densities are decreased. This is in
good agreement with the XRD and Raman measurement
results where the FWHM values reduce with the crystal length.
Furthermore, within each sample (area 10 x 10 mm?) at
different positions (except the very edge), the EPD is in the
same order of magnitude and shows the uniform distribution
of defects (Fig. 5a—c). But in some instances, when the growth
conditions are deviated from the normal optimised conditions
(i.e. if there is an additional carbon incorporation from the
growth environment, or non-uniform thermal fields because of
insulation material degradation), low-angle grain boundaries
were observed in the form of etch pit arrays/lines as shown in
Fig. 5d. In addition, dislocation-bunching has also been
observed in these crystals.

3.3 Optical properties of the grown AIN

Room temperature CL spectra measured on two different AIN
crystals (plotted in a semi-logarithmic scale to show the weak
features) are shown in Fig. 6a. The CL spectra of the samples
mainly consist of two luminescence bands at around 1.9 eV
and 3.4 eV. The intensity of the 3.4 eV (near-UV luminescence)
band is almost two orders of magnitude higher than that of
the 1.9 eV (visible luminescence) band, and having an FWHM
of 290 meV. The CL spectra taken at different positions
(Fig. 6b) of the same sample do not differ in their peak

10*{—— Sample ID: 110603 (a)
s Sample ID: 101909 .

CL intensity (arb. unit)

Energy (eV)
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position and the peak width. The origin of this near-UV
luminescence peak at 3.4 eV is not yet clear and is still being
discussed in the literature. Some of the earlier reports®
showed that the intensity of this band increases with the
oxygen concentration, and it has been assigned to Vj-oxygen
related complexes. This CL band around 3.4 eV has also been
observed for nominally pure, yellow-coloured AIN crystals with
very low silicon and carbon concentrations,* and it has been
attributed to a donor-acceptor pair transition involving a
shallow donor and the isolated aluminium vacancies.***’
Interestingly, a similar peak has recently been reported for AIN
crystals even with very high Si and C concentrations in the
order of 10*° em™® and 10" em™?, respectively.*® In that
report, it was seen that the 3.4 eV peak is observed only if the
silicon is electrically active (i.e. if the crystal is weakly n-type)
and this band was attributed to the donor-acceptor pair
transition. The crystals in our study were also unintentionally
doped to a high silicon and carbon concentration (>10*°
em ™ ?) and show a luminescence band at 3.4 eV. It is not
known whether the silicon in our crystals is electrically active
or not, as the electrical measurements have not been done so
far and we could not provide the supportive evidence to that
argument from our crystals.

Also for the other broad luminescence peak at 1.9 eV, the
origin is ambiguous and has not been investigated in much
detail. Strassburg et al.*” proposed that the nitrogen vacancies
and Al interstitial point defects are responsible for the
emission band around 2.0 eV. Further similar broad bands
at this energy have been reported in the case of insulating AIN
samples.*® As already mentioned in section 1, the PVT grown
AIN crystals do not show optical transmission in the deep UV
region due to below-bandgap optical absorption related to
impurities, particularly carbon. Further, such impurities can
decrease excitonic lifetime and radiative recombination.
Hence, there is no excitonic peak observed in CL spectra for

— position 1 (b)
- — - position 2
10°4 —— position 3
position 4
=
5 104
e}
=
3
2
‘m 1074
c
S
£
= 1
O 10 4
100 . 4
1 2 3 4 5
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Fig. 6 Room temperature CL spectra — a semi-logarithmic scale is used to show the weak features (a) measured on two different AIN samples (b) various locations of

the same sample showing constant peak positions.
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Fig. 7 Photograph of a free-standing AIN wafer — removed from the SiC
substrate and attached to a seed holder for further homo-epitaxial growth.
Diameter = 28 mm, thickness = 1.5 mm.

any of the investigated samples and also the bandgap of the
grown crystals could not be found out.

3.4 Free-standing AIN wafers

Fig. 7 shows one of the free-standing, 1-inch diameter AIN
wafers removed from its SiC substrate and then mounted on
the seed holder for further homo-epitaxial growth. The SiC
substrate has been removed by mechanical grinding from the
backside using the diamond-embedded grinding plate. The as-
grown surface is shown in the front view and there are no
micro-pipes/holes in the prepared templates/wafers. Some of
the cracks at the bottom are visible when looking through,
since the wafer is transparent. Though there are few cracks at
the backside, still the wafer is stable even after it was removed
from its substrate and subsequent processing. Furthermore,
cross-polariser images (not shown here) of the polished wafers
show no difference in image-contrasts all over the surface,
indicating the absence of mis-oriented grains. As presented in
the above sections, AIN crystals grown in this study (either AIN/
SiC templates or the free-standing wafers prepared from the
templates) were shown to have better structural properties in
comparison with other reported results of hetero-epitaxial
growth and/or have comparable quality of homo-epitaxially
grown crystals.

Thus for the technology development of large diameter AIN
crystals, the epitaxial growth on foreign substrate approach is
a very promising and potential way to achieve native AIN seeds
with desired diameter when compared to another scaling
approach of self-nucleation and homo seeding, wherein there
are limitations in seed size, lateral enlargement, need of
repetitive growth runs and each stage intermediate processing
step to ultimately reach the desired size. Though uninten-
tional, Si and C impurity incorporation in such a hetero-
epitaxial growth is detrimental, these wafers are currently used
as native seeds for the bulk single crystal growth in tungsten
set-up (Si- and C-free environment), in which these impurities
can be reduced to a greater extent.

This journal is © The Royal Society of Chemistry 2013
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Paper

4 Conclusions

In the presented work, a successful preparation of 28 mm
diameter, crack-free, free-standing AIN wafers was achieved
from hetero-epitaxially grown AIN crystals using SiC as a
foreign substrate. X-ray rocking curves of the samples show
FWHM values below 100 arcsec, with 100% of the wafer area
being usable, without any polycrystalline inclusion/rim. Etch
pit density is in the range of 2-5 x 10° cm ™2 Defect
concentration and impurity incorporation along the whole
wafer is very uniform as assessed by wet chemical etching,
EPMA, Raman as well as CL measurements. This is very
essential for obtaining homogeneous structural, optical as well
as electrical properties across the wafer from the device
fabrication point of view. These hetero-epitaxially grown AIN
on SiC can be utilised as native substrates for further homo-
epitaxial growth of structurally perfect and deep-UV transpar-
ent free-standing wafers by the PVT and/or HVPE methods.
The scaling-up of this developed technology in order to meet
the need for larger diameter AIN substrates is also possible.
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