Chapter 2
Growth and Properties of Bulk AIN
Substrates

Matthias Bickermann

Abstract Bulk crystal growth of aluminum nitride (AIN) comes into focus in order
to provide substrates for deep-UV optoelectronics (LEDs, lasers, and sensors)
which are typically based on Al-rich AlGaN epitaxial layers and structures. On AIN
substrates, pseudomorphic AlGaN layers can be deposited with compressive strain
and high structural quality [1-3]. In this context, the growth of AIN crystals by
sublimation and recondensation (physical vapor transport method) at temperatures
exceeding 2000 °C has proven to be the method of choice, as the boules and
substrates show very high structural perfection at reasonable growth rates.
Availability of AIN substrates as well as their useable area, structural quality, and
electrical/optical properties are directly related to growth technology issues,
including selection of set-up materials, seeding strategy, and pre-purification efforts.
After a brief overview of history and applications of bulk AIN, the basic principles
of AIN bulk growth by physical vapor transport (PVT) are reviewed. The formation
of extended defects and the incorporation of impurities during growth as well as
their impact on the material’s optical and electrical properties are discussed in
detail. The main target of this chapter is to provide readers with enough information
about AIN substrate preparation to understand and make informed decisions about
employing AIN substrates for deep-UV optoelectronics.

2.1 Properties and History of AIN Crystals

AIN is a binary compound crystallizing in the hexagonal wurtzite structure (P6;/mmc).
Each atom is surrounded by a regular tetrahedron of atoms of the other kind. The
jonic fraction of the chemical bond is 42 % [4]. The sp> bonding in conjunction with
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the low atomic mass of its constituents leads to extraordinary high chemical stability,
phonon energies (around 100 meV), bulk acoustic wave velocities (11270 m/s), and
thermal conductivity (about 320 W/mK) [5, 6]. AIN crystals are polar, birefringent,
pyroelectric, and piezoelectric.

The high chemical stability imposes a considerable challenge to crystal growth.
AIN decomposes before melting under technologically feasible conditions [7].
Thus, growth from the melt, as performed for most other III-V semiconductors, is
not possible. On the other hand, the total pressure of gaseous species above the
solid already reaches considerable values much below the decomposition temper-
ature (about 2430 °C at 1 bar total pressure). This sublimation can be used to
facilitate a species transport, mediated, e.g., by a concentration gradient which is
induced by a temperature gradient, from the hotter source to the colder growth area,
where the species condense to form a crystal. The corresponding process of
high-temperature sublimation and recondensation is called physical vapor transport
(PVT). The PVT method is employed also for bulk SiC growth, where it was
developed into an industrial technique.

Today, bulk AIN crystals are almost exclusively grown by PVT. Alternative
growth  methods like high-temperature  chemical vapor  deposition
(HT-CVD/HVPE) [8-11], thermal decomposition [12], PVT variations using the
sandwich sublimation method [13], or liquid Al as precursor [14] as well as
high-temperature solution, flux, and ammonothermal growth [15-20] are also
investigated for bulk growth, but currently remain at a research level due to
unresolved restrictions in crystal size, growth rate, or yield. On the other hand,
preparation of an HVPE layer on an AIN bulk substrate with subsequent removal of
that substrate is currently proposed to provide a UV-transparent template suitable
for light out-coupling [21].

Aluminum nitride (AIN) was first synthesized in 1862 by reacting molten alu-
minum with nitrogen gas [22]. Today, AIN powder is mainly synthesized from
alumina by carbothermal nitridation [23]

ALO; 4+3C+N, — 2AIN+3CO. (2.1)

AIN ceramics are used as refractory construction parts, heat sinks, and substrates
where high thermal conductivity is required in conjunction with high mechanical
and thermal robustness [24, 25]. However, due to the high preparation cost com-
pared to alumina, the use of AIN ceramics remains restricted to high-end products
and niche markets.

The first serious attempts to grow bulk AIN single crystals date back to the
1960s [26-30]. AIN, powder or liquid, Al were used as source materials in an
atmosphere of nitrogen at temperatures exceeding 1700 °C. The experiments were
conducted in carbon-containing set-ups, which led to highly contaminated crystals.
In 1976, Slack and McNelly prepared mm-sized AIN single crystals with high
purity [7, 31, 32] by using a Piper-Polich [33] growth technique in which a sealed
rhenium/tungsten crucible with conical end was moved through a hot zone of an
inductively heated furnace. However, research on AIN bulk single crystal growth
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for epitaxial substrate preparation only started in the late 1990s [34-36] with the
rising interest in wide band-gap semiconductors. The reactor design from the much
more advanced SiC PVT technique [37], in which SiC sublimates and condenses at
temperatures 2100-2500 °C in graphite crucibles was soon adopted for AIN
growth. However, a lot of initial work was dedicated to find chemically stable and
suitable hot-zone materials [38—41]. Also, the initial absence of AIN seeds led to
different strategies to obtain large bulk of single crystals [42].

As of today, a few companies and research facilities have demonstrated AIN single
crystals of up to 2 in. in diameter [43—49]. Worldwide AIN substrate production is still
very small as compared to SiC or sapphire. While the main target is still to produce
substrates for UV optoelectronics [50-56], other potential applications for AIN bulk
crystals, including piezo- and pyroelectrics, electroacoustics [57], and substrates for
AlGaN-based power devices [58, 59] are currently evaluated.

2.2 AIN Bulk Growth by the PVT Method: Theory

In the thermodynamic Al-N [60] system, the only stable compounds are Al, AIN,
and N, see Fig. 2.1a. At temperatures and pressures relevant for crystal growth and
under nitrogen excess, only gaseous Al and N, are at equilibrium with solid AIN.
Other species are calculated to appear at much lower concentrations [61], and their
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Fig. 2.1 a Phase diagram at 1 bar (with N, fugacities, after [60], and the region for AIN growth)
and b partial pressure of vapor species under stoichiometric sublimation in the AI-N, system with
Al partial pressure over liquid Al (after [7])
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relevance for crystal growth is considered negligible. Thus, the sublimation—re-
condensation reaction can be written as

2 AIN(s) = 2 Al(g) + Na(g) (2.2)

with the equilibrium constant K = ¢ %" = p., - pi3, logjo K = —32450/T + 16.08
[62]. AG =~ 630 kJ/mol [63] is the Gibbs free energy for sublimation, R is the
universal gas constant, T is the temperature, and pa; and pny = % pa are the
temperature-dependent equilibrium partial pressures of the gaseous products [7],
see Fig. 2.1b.

In contrast to melt growth where the growth temperature is determined by the
melting temperature of the compound, sublimation growth can be performed gen-
erally at any temperature. In sublimation growth, a temperature difference
AT between source and seed provides for a net mass flow rate of species Jrransp
through the growth space due to the concentration gradients formed by the
temperature-dependent partial pressures. The Al partial pressure over AIN provides
sufficient evaporation for mass transport even at 1600 °C, but due to insufficient
surface ad-atom mobility and/or N, chemical activity, only very thin needles form at
this temperature [62]. Higher temperatures are beneficial for increasing both growth
rate and surface kinetics, i.e., helping the atoms to properly arrange themselves at the
surface. But in any case, the concentration of species in the gas phase is in the orders
of magnitude lower than in melt growth, which restricts the achievable growth rate.

Stoichiometric sublimation (“into vacuum”) results in very high deposition rates
and polycrystalline growth due to lack of growth control. Instead, the transport and
deposition during growth is regulated by buffering with N, “in excess,” i.e., adding
N, to the growth atmosphere so that the total pressure in the system pg, is about 2—
10 times higher than the total pressure of vapor species. As a consequence, in the
gas phase, Na/Nx = pai/(2 - psys) 18 in the order of 0.1. While excess N, does not
necessarily lead to N-rich growth conditions, this is the commonly assumed growth
regime for AIN growth (AIN-N, system). The growing AIN crystal still enforces
stoichiometry, as its existence range is confined, but might form vacancies. The
chemical activity of N, is most probably governed by kinetics of surface reactions
such as [62]

Al(ads) + N, (ads) = AIN(s) + N(ads). (2.3)
Additionally, nitrogen dissociation could be enhanced via reaction with
impurities.

In AIN sublimation growth models, sublimation and recondensation are typically
described by Hertz—Knudsen equations as

Jsubl/Recond = O (2nmRT)™'* - Ap (2.4)

with a as the (effective) sublimation/condensation coefficient, m as the molar mass,
and Ap as the difference between the actual (super- or undersaturated) and the
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equilibrium partial pressure of the transported species at the source or seed area,
respectively. Assuming Al as the rate-limiting species, as N, is provided in excess
[62], it is sufficient to regard only Al species, and a is typically set to unity for AIN
growth.

It is commonly assumed that the mass transport in the gas phase is dominated by
diffusion (Fick’s law). Natural convection is typically absent at the given growth
conditions (cf. [64]), and advection (Stefan flow) is insignificant due to the N,
buffering. If the limiting step for bulk growth is indeed diffusive mass transport, i.e.,
sublimation or recondensation kinetics are considerably faster than diffusion in the
vapor phase, the growth rate Rg can be approximated by [63, 65]

R = Jtsansp mav/pai o (AT/L) - e O/RT /(T2 p 7). (2.5)

with man and pan as the mass and density of solid AIN, and L as the
source-to-seed distance.

The parameters governing the mass transport are thus 7, pgy, and AT/L. The
growth rate increases with increasing temperature gradient and temperature (due to
the exponential term), while the increase with decreasing total pressure is in fact
rather weak for typical growth conditions [66]. In the practical case, Rg is lower due
to volatile species leaving the semi-open crucible and reacting with the crucible
materials. Finally, the presence of impurities may significantly change growth
behavior, e.g., via impurity-assisted transport of growth species, or by acting as
surfactants, i.e., changing kinetic barriers at the growth surface [67-69]. As a
consequence, preparation of highest purity source materials is not only mandatory
in order to control the properties of the grown crystals, it is also necessary for
achieving a stable and reproducible crystal growth.

As mentioned, AIN bulk growth is typically performed at temperatures 7 ranging
from 1800 to 2300 °C and system pressures pgys of 300-900 mbar. The process
window for stable growth of AIN depends on the hot-zone and seed materials (see
below) and the growth orientation (polarity). Higher temperatures and supersatu-
rations seem to stabilize N-polar growth [70, 71]. As only a relatively low growth
rate Rg (typically lower than 200 pum/h) will allow for single-crystalline growth
without deterioration of structural quality, the axial thermal gradients AT/L are
typically in the range of only 2-10 K/cm.

2.3 AIN Bulk Growth by the PVT Method: Technology

The hot-zone of the typically used vertical set-up consists of a cylindrical crucible
with removable upper lid where a seed can be mounted, a surrounding susceptor,
and thermal insulation, see Fig. 2.2. The crucible has to be porous or semi-closed to
allow gas and pressure exchange with the environment, often provided already by
the nonideal closure between the lid and the crucible. It is filled with solid AIN
source material (as powder, sintered bodies, or lumps from previous growth
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Fig. 2.2 Crucible and reactor water cooled double-
set-up for AIN bulk growth walled quartz tubing
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experiments) to 50-80 % of its total height. The hot-zone geometry has to be
carefully designed to provide the proper thermal gradients at growth temperatures,
where heat is dominantly transferred by radiation.

Electrical power is used to heat the crucible either by induction (at 8-50 kHz
frequency, depending on the susceptor material) or by resistive heating, whereas the
former is much more established. The use of a susceptor is advantageous in that it
remits the heat to the crucible via radiation, providing a more homogeneous tem-
perature field in the growth cell compared to direct crucible heating. As shown in
Fig. 2.2, the set-up is located inside a water-cooled growth vessel which provides
the gas-tight enclosure, a loading port, and connections for pyrometer access and
gas inlet/outlet. Some reactors allow for a controlled movement of the coil relative
to the crucible to affect the axial temperature gradient in the crucible; this can be
also facilitated by separate control of several heaters.

The growth procedure typically includes the following steps: The hot-zone is
assembled and loaded into the reactor. After purging and pre-heating steps, the
vessel is filled with N, gas, and the growth cell is heated to growth temperature.
During heating up, the seed is kept at a slightly higher temperature than the source
material to prevent early growth, clean the seed surface, and further remove volatile
impurities. If the growth temperature is reached, a soft growth start is achieved by
inverting the axial temperature gradient, i.e., providing a higher temperature at the
source compared to the seed. During growth, the system pressure is kept constant
by maintaining a constant inert gas input flow while controlling the exhaust flow.

As the temperature inside the growth cell is inaccessible, the “growth temper-
ature” is obtained by pyrometers measuring the temperatures of crucible outer
surfaces (e.g., on the upper and lower lid) and controlled by adjusting the heating
power. Note that maintaining the temperature gradients at the growth interface
during growth is crucial in order to obtain crystals with high chemical and structural
homogeneity. Thus, the thermal gradients near the growing surface during growth
are derived by numerical modeling. The gradients depend on the complete hot-zone
geometry including radiation shields and thermal insulation (for which accurate
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material data at growth temperatures is rarely available) and on the growth rate (due
to release of latent heat), and transient simulations are needed to account for the
move of the growth interface while the boule grows.

Considering the typical growth rates of 50-300 pm/h, it takes several days to
grow 10-30 mm thick crystals. Mass transport yields exceeding 80 % are possible if
the evaporation losses through the semi-open crucible are kept at a low level. The
end of growth is initiated by decreasing the heater power, optionally with inverting
the gradient again. A controlled cooling is demanded to mitigate strain-induced
defect formation.

As will be shown below, the selection of hot-zone materials has a decisive
impact on AIN growth behavior and properties. Typically, the crucible is made
from either tungsten (W) or tantalum carbide (TaC). Graphite and boron nitride lead
to considerable contamination of the crystal with carbon or boron, respectively; a
few more materials have been positively evaluated (Re [7], TaN, HfN, TaB,), but
are not currently used [38—41]. Tungsten is long-term stable against Al vapor in the
presence of sufficient N,, and chemical erosion is negligible up to temperatures of
about 2250 °C [31]. However, it will readily react with oxygen, carbon, and silicon.
Only purified source materials can be used and the preheating step must be per-
formed under high vacuum conditions to remove residual oxygen. Thermal insu-
lation is provided by tungsten heat shields; graphite insulation can be employed if
not in direct contact, but severely degrades the crucible lifetime.

TaC is available as ceramic powder and can be sintered to 96 % vol density
without sintering aids [38, 72]. TaC is chemically stable under AIN growth con-
ditions at temperatures well exceeding 2300 °C. TaC elements are compatible with
graphite (for susceptor and insulation elements), tungsten (possible use of TaC as
susceptor) and SiC (as seeds), even if in direct contact. Long-term stability is
generally limited by cracking due to internal grain growth [38]. To prevent struc-
tural failure, the crucible is commonly enclosed in graphite cylinders which also act
as a susceptor [49]. As a variant, carburized tantalum crucibles can be employed
[73]. However, as they are typically used with graphite parts, the crucibles continue
to carburize and finally become brittle; this process is accelerated at growth tem-
peratures exceeding 2100 °C. TaC coatings are no alternative as they tend to crack
and spall off due to differences in thermal expansion and chemical attack.

The AIN source material is prepared from commercially available ceramic
powder material by carbothermal reduction [74], sintering, or sublimation [75],
while direct synthesis from high-purity elements [31] is less common. The purifi-
cation process should remove the most important impurities and condense the
source material to mitigate moisture adsorption during handling in air. Typical
contamination of purified stating material is less than 100 ppm wt for oxygen and
carbon, and about 2 ppm wt of silicon [75]. On the other hand, tungsten acts as a
getter material for carbon and silicon. In contrast, TaC acts as a source of carbon,
which leads to carbon contamination of the crystal and at the same time to a lower
oxygen incorporation due to carbothermal reduction of residual oxides.
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2.4 Seeded Growth and Crystal Enlargement

In the past, different technologies for seed preparation and crystal enlargement have
been evaluated by different research groups [42]. In unseeded growth, crystals
nucleate on the crucible lid, and a polycrystalline boule grows from which large
grains can be separated. Grain selection is possible using a conical lid [31] or
repeated regrowth [70]. However, grains are often strained or structurally deterio-
rated due to direct contact to their neighbors. Several groups reported growth of
free-standing single crystals that spontaneously nucleated on crucible parts under
conditions close to thermodynamic equilibrium and low nucleation density.
Typically, tungsten grids are placed above the source material and the axial tem-
perature gradients are lowered to the lowest possible value to yield optimum
nucleation and growth conditions [76-78].

The growth rate of AIN is the slowest on prismatic facets for all but the highest
growth temperatures, thus the crystal habit changes from needles to almost
equiaxed (isometric) crystals [62, 78] with increasing temperature. The sponta-
neously nucleated crystals grown in carbon-free tungsten set-ups preferentially
grow in Al-polar direction and show an unfinished habit, governed by pyramidal
facets on the Al-polar side [76] and with only small (0001) basal plane facets
(Fig. 2.3a). In contrast, crystals grown in TaC crucibles grow preferentially in
N-polar directions, forming dominant (000-1) basal plane as well as prismatic side
facets [78] (Fig. 2.3b, c). In each case, crystals nucleating in “wrong” directions
become stunted and are easily overgrown by their neighbors. Single crystals with
dimensions of up to 15 x 15 x 10 mm° have been obtained, which can be cut and
used as seeds in subsequent growth runs. However, this process is not very
reproducible and the yield of large and well-formed crystals is low.

Thick layers of AIN can be grown on SiC seeds, which are commercially
available at industrial relevant sizes (4-6 in. in diameter). The fundamental dis-
advantage is the partial decomposition of SiC in the presence of AIN already at
temperatures of 2000 °C, which contaminates the growing crystal with up to several
atomic percent of silicon and carbon [79, 80]. Additionally, the mismatch of lattice

Fig. 2.3 Spontaneously nucleated, free-standing AIN bulk crystals; a grown in a tungsten crucible
(on mm grid), the (0001)Al facet is upwards; b, ¢ grown in a TaC crucible, crystal dimensions
about 8 mm. b the Al-polar face is upwards but note that the (0001)Al-polar facet does not appear;
c the flat (000-1)N facet is upwards
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Fig. 2.4 a AIN crystal (Al-polar) grown on a SiC seed with 7° off-orientation with respect to the
(0001) plane [82]; b AIN crystal (N-polar) grown on an N-polar (000-1) AIN seed [78]. Growth
was performed in a TaC set-up, the crystals are turned so that the as-grown surface is upwards

parameters between AIN and SiC results in a formation of tilted domains, and the
different thermal expansion coefficients lead to partial stress relaxation by dislo-
cation formation during cooling, often resulting in a network of cracks originating
at the interface [44, 81]. Nevertheless, the threading dislocation density between the
domain boundaries may be as low as 10° cm™ > [82, 83]. A sample crystal is shown
in Fig. 2.4a. AIN always grows Al-polar on polar SiC planes. These layers can be
separated from the SiC seed and are used as seeds in subsequent AIN bulk growth
[44, 45].

The main advantage of bulk crystal growth—steady improvement in diameter
and structural quality—is only achieved in “homoepitaxial growth,” i.e., wafers cut
from the grown crystal are used as seeds in subsequent growth runs. Unfortunately,
to grow a single crystal of a particular diameter, the seed must have roughly the
same diameter. Seeded growth of AIN crystals has been successfully attempted
from AIN seeds cut from spontaneously nucleated crystals as well as from AIN
layers separated from SiC seeds. While in the former case, the main task is to
perpetuate the high structural quality while providing for crystal enlargement, the
latter approach is concerned with the defect density inherited from the seed and the
impending diameter decrease due to formation of pyramidal side facets during
Al-polar growth. Figure 2.4b shows a crystal grown on an N-polar basal plane seed
with typical habit.

AIN growth is best performed on polar basal plane (c-plane) surfaces, because
these planes possess isotropic in-plane properties. The ideal interface shape in
sublimation growth is slightly convex, to allow the step flow from a single growth
center (e.g., a screw dislocation to enable spiral growth) to spread across the whole
surface area. AIN growth in other orientations has been reported [84—86], but the
lower symmetry of the growth surface leads to anisotropic growth and formation of
macrosteps and extended defects.

The major current issues in seeded growth of AIN are seed fixation, mitigation of
seed backside evaporation, and preventing adjacent (“parasitic”) grain growth.
A rigid connection between the seed and the lid may lead to considerable strain,
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formation of cracks, and potential seed separation from the lid during the heating-up
stage due to the differences in thermal expansion. If the connection is too soft, the
seed may move or fall down during the heating-up stage, and outer parts of the seed
may evaporate due to the gap between the fixation rim and the lid. In any case,
pores or gaps between the seed and the lid lead to seed backside evaporation.
Material from the seed sublimes toward the colder crucible lid to close the void, and
as a consequence, they travel through the seed and eventually through the growing
crystal (negative crystal growth, cf. [87]) to locally degrade the crystal quality [86].
Seed backside plating [88] is a possible means to mitigate both backside evapo-
ration and cracking. Nucleation and growth of parasitic grains, which also lead to
strain and crystal cracking during cooling due to anisotropic thermal expansion of
AIN, can be prevented by proper tailoring of the thermal field, i.e., increasing the
temperature around the seed area.

2.5 Structural Defects in PVT-Grown AIN Bulk Crystals

As for any bulk growth method, the structural quality of the resulting bulk single
crystals decisively depends on the seed quality and growth conditions. Defects from
the seed volume and its surface as well as from backside areas of improper seed
fixation penetrate into the growing crystal. A number of defects originate at the seed
surface or form during initial stages of growth when the growth conditions are not
yet stable. Defect formation during growth is caused by growth instabilities such as
local variations of the supersaturation at the growth interface and thermal stress, and
promoted by high temperatures and gradients, low pressures, and high growth rates.
Finally, thermal stress during cooling may lead to formation of slip bands (con-
sisting of straight rows of basal plane dislocations) [89] or even cracks [90] in the
outer parts of the crystal.

Piercing points of dislocations, low angle grain boundaries (LAGBs), and
inversion domains can be visualized by KOH-NaOH wet chemical etching on the
Al-polar basal crystal surfaces and polished wafers [91, 92], see Fig. 2.5a. Another
valuable detection method is X-ray topography [77, 93, 94], see Fig. 2.5b. In some
samples, also cathodoluminescence imaging was successfully used [95]. Some of
the threading screw dislocations act as growth centers for spiral growth. If their
density is low, the resulting spirals may extend over several square millimeters and
form hexagonal hillocks or round plateaus on the growth surface [45].

Spontaneously nucleated and free-standing crystals can be virtually unstrained
and show highest structural perfection, i.e., overall dislocation densities below
10* cm™? without any micropipes or volume defects [77, 78]. Rocking curve full
width at half maximum (FWHM) values of 12-20 arcsecs are achieved even for
large areas and in open detector measurements. The dislocation density in the
crystals is typically very inhomogeneous, as basal plane dislocations mainly form
due to local deformation, e.g., at the crystal border or at macrosteps (cf. Fig. 2.5b),
while threading dislocations generally nucleate at growth instabilities or defects.
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Fig. 2.5 Dislocations in AIN bulk crystals; a scanning electron microscope image of an Al-polar
(0001) surface (seeded growth) after wet chemical etching. Bigger and smaller etch pits denote
threading screw and mixed/edge dislocations, respectively; b X-ray transmission Lang topography
image of a 1 mm thick basal plane wafer (spontaneously nucleated crystal) showing dark contrast
from threading dislocations (black dots) and basal plane dislocations (black curved lines) partially
entering a strained area (wavy interference contrast) caused by a macrostep formation at the
growing surface. Note that the areas on the bottom and top of the image are virtually dislocation
free

Additionally, in some of the earlier crystals a high density of microscopic inclusions
were found, and these inclusions also decorated grown-in dislocations [93].

AIN bulk crystals often feature a mosaic structure, in particular when they were
grown on defect-containing or foreign seeds. Several growth centers appearing at
initial stages of growth lead to tilted domains after coalescence, eventually forming
sub-grains bound by LAGBs composed of threading edge dislocations [94, 95]. If
present, a mosaic structure of the seed also propagates into the growing crystal. The
tilt between domains is typically below 100 arcsecs [1, 3], while growth on SiC seeds
can lead to tilt values of up to 0.5° [83] and the formation of macroscopic hexagonal
hillocks on the surface [45, 81]. Additional LAGBs may form in the outer crystal area
during diameter enlargement where lateral expansion by growth on prismatic facets is
accompanied by polygonization [96, 89]. The dislocation densities in AIN crystals
grown on AIN seeds are typically in the 10°-10° cm ™2 range.

Inversion domains may be observed in particular in AIN crystals grown on SiC
seeds [86, 97]. They nucleate probably due to growth instabilities and expand in
size during further growth.

Finally, AIN bulk crystals exhibit a so-called zonar structure.
Crystallographically different facets feature a different incorporation of impurities
and thus, the corresponding crystal zones—i.e., crystal volume parts that were
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Fig. 2.6 Spontaneously nucleated, free-standing bulk AIN crystal with zonar structure, grown in a
tungsten crucible; a side view, the N-polar basal plane is upwards; b top basal plane cut (on mm
grid) showing crystal parts grown on the N-polar basal plane facet (center region) and on prismatic
facets (outer regions); ¢ bottom cut (on mm grid) showing crystal parts grown on the Al-polar
basal facet (center region) and on Al-polar pyramidal facets (outer regions)

grown on the respective facets—show different optical (e.g., transmission and
luminescence) and electrical properties. Due to obvious differences in coloration,
the zones are easily distinguished in polished wafers [45, 78, 98] as shown in
Fig. 2.6. Crystal zones are not bounded by LAGBs or other structural defects.

2.6 Impurities and Resulting Properties of AIN Substrates

Apart from size and structural quality, the key requirement for using AIN substrates
for UV optoelectronics is high optical transmittance at the emission/detection
wavelength. While AIN should be transparent for radiation above approximately
210 nm due to its band-gap of about 6.015 eV at room temperature [99], optical
transitions involving deep levels lead to broad absorption bands in the blue and UV
wavelength range. While it is recognized that these optical properties are induced
by residual impurities such as carbon, silicon, and oxygen, the underlying mech-
anisms are still under discussion [31, 75, 100, 101, 102, 103, 104]. Apart from
chemical analysis, the concentration of electrically active impurities of AIN bulk
crystals has been evaluated from bound exciton luminescence [105, 106], electron
paramagnetic resonance [104, 107, 108], infrared spectroscopy [103], and
high-temperature resistivity measurements [75].

Due to the unavoidable contamination during high-temperature sublimation
growth, the effects of different impurities can be hardly separated in optical
absorption or luminescence spectra. Furthermore, intrinsic defects (such as
vacancies) and defect clusters will enable additional optical transitions. The for-
mation of such defects and their dependence on impurity incorporation is barely
understood [109], and only a few techniques exist [110, 111] to evidence their
concentrations. As a consequence, efforts to influence electrical and optical
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properties of bulk AIN crystals are still focused on reducing contamination from
both feedstock and set-up materials, rather than on controlled doping.

Oxygen is the main contamination of the source material and introduced to the
growth chamber during loading/unloading in air. Silicon also occurs in the source
material, although at lower levels compared to oxygen, and probably in the TaC
hot-zone materials. Carbon is mainly introduced by the hot-zone materials such as
the TaC crucible, the graphite susceptor, and graphite insulation parts. On the other
hand, the impurity content in the crystals is strongly influenced by the materials in
the hot-zone, by the crystal zone, i.e., the facet on which the impurity was incor-
porated. As a consequence, the oxygen and carbon concentrations of crystals grown
in Al-polar direction in pure tungsten set-ups are considerably lower as compared to
crystals grown in N-polar direction in TaC crucibles, see Table 2.1. Note that the
formation of a zonar structure poses a problem when aiming at substrates with
homogeneous absorption properties. Finally, the impurity content also depends on
the growth temperature [75].

Figure 2.7 shows optical absorption (OA) spectra of the AIN crystals listed in
Table 2.1. The broad OA band at around 2.8 eV which causes the yellowish
coloration of the crystals is most dominant on the N-polar (000-1) zones. As it does
not seem to correlate directly to a concentration of a single impurity, involvement of
intrinsic defects is suspected [31, 100, 101]. A steep OA band at 4.7 eV, pre-
sumably consisting of several sub-peaks [112], dominates the spectra of crystals
grown in TaC crucibles (and in particular crystals grown on SiC seeds, cf. [44, 79]).
While this peak is clearly related to the carbon concentration in the crystal, the exact
optical transitions that form this band are still under debate [45, 103, 113]. The band
is absent in samples where the oxygen or silicon concentration clearly exceeds the
carbon contamination, pointing toward a Fermi level effect. A monotonic OA
increase above 5.3 eV is correlated to the 4.7 eV band, but in any case, the onset of
near band-gap features limits the deep-UV transparency of AIN substrates effec-
tively to wavelengths above about 220 nm. Finally, in some brownish areas, a broad
band peaking around 4.0 eV is observed, presumably caused by oxygen and/or
intrinsic defects [112].

Table 2.1 Typical values of impurity concentrations (in 10'® cm™>) in different zones of bulk AIN
crystals as measured by calibrated secondary ion mass spectrometry [123]

No. Crucible Zone [O] [Si] [C] References
1 w Al-polar (0001) 0.4 0.20 0.7 [45]

2 w Al-polar {10-13} 55 0.25 0.2 [45]

3 w Al-polar {11-25} 5.0 0.7 35 [45]

4 w Al-polar (0001) 2.0 0.01 0.5 [112]

5 w Al-polar {10-12} 3.5 0.10 0.6 [112]

6 TaC prismatic {10-10} 7.0 0.03 6.0 [78]

7 TaC N-polar (000-1) 30 0.1 5.0 [78]

8 TaC N-polar (000-1) 20 5.0 30 [114]
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Fig. 2.7 Room temperature photon wavelength [nm]
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Especially the 4.7 eV absorption peak is detrimental to the light out-coupling of
deep-UV (250-280 nm) emitters through the substrate. The best optical absorption
values (without reflection corrections) for PVT-grown AIN published so far [112]
are about 8 cm ™! on a local spot and about 13 cm™' on a full wafer with yellowish
coloration, both from a crystal grown in a pure tungsten set-up (No. 4 and 5 of
Table 2.1, respectively). In contrast, AIN grown in TaC crucibles hardly shows
absorption coefficients lower than 50 cm ! at 265 nm (No. 7 of Table 2.1) [78]. As
a consequence, the AIN substrate is thinned down to 20 um after processing [50], or
a HVPE thick layer (typically 250 pum) is deposited on the substrate and the
substrate is subsequently removed by mechanical polishing [21]. The best reported
optical absorption value for HVPE-grown AIN at 265 nm is 6.6 cm ™', measured on
a sample with the carbon and oxygen concentrations of below 0.2 x 10'® cm™ and
below 0.4 x 10"® cm™, respectively [114].

Using the above band-gap excitation, e.g., by an ArF excimer laser at 193 nm or
by electron irradiation in an electron microscope, near band-gap emission can be
observed. Excitonic luminescence recorded at low temperatures reveal valuable
information about the material quality, e.g., strain and dislocation density.
Furthermore, the intensity of the donor bound exciton emission corresponds to the
respective donor (silicon, oxygen) concentration. However, as significant com-
pensation by carbon quenches the excitonic luminescence, this technique has been
successfully applied so far only to AIN bulk crystals grown pure in tungsten set-ups
[106] or on homoepitaxial HPVE layers [105].

Below band-gap luminescence is very interesting for AIN ceramics in UV and
ionization radiation dosimetry applications, but could also provide unwanted side
effects in deep-UV emission devices. Ceramic samples, which are highly contam-
inated with oxygen and trace metals, show major luminescence bands at around 2.1
and 2.8 eV [115]. These bands are also observed in bulk AIN crystals, together with
a band at 3.9 eV [45, 116]. The bands at 2.8 and 3.9 eV correlate to the carbon
contamination in the samples [45, 113, 117]. The luminescence at 2.1 eV is found
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in samples of very different provenance, and its origin currently remains unclear.
On the other hand, luminescence in the 3.3-3.6 eV range clearly dominates the
spectra of AIN either grown with SiC addition [79, 118] or in pure tungsten set-ups
[98, 101, 119]. The common interpretation is that this band correlates to transitions
of shallow donors (silicon or oxygen) to aluminum vacancies or their complexes
[118, 120]. Obviously, these transitions are quenched as the carbon concentration
exceeds that of the shallow donors.

AIN crystals and substrates are generally not electrically conductive.
Measurements of the temperature-dependent conductivity show that the crystals are
strongly compensated by deep levels with activation energies in the range of 0.6—
1.0 eV [75, 121]. However, the different zones of the crystals show significant
differences in charging after electron irradiation, e.g., in a scanning electron
microscope [119]. Measurements of the temperature-dependent free carrier
absorption indicate that carbon contamination may lead to semi-insulating behavior,
while oxygen-dominated yellowish samples might show some very weak con-
ductivity at elevated temperatures.

2.7 Conclusions and Outlook

Within the last 15 years, the growth of AIN bulk single crystals by the PVT method
has matured from basic transport experiments yielding polycrystalline boules into
an industrially applicable technique. Fueled by the interest in UV optoelectronics,
the research has always aimed at providing material for substrates, with a clear
focus on crystal size, process stability, and yield. Consequently, this progress was
almost completely driven by appreciation of experimental work, i.e., solving
technological issues such as finding compatible hot-zone materials, proper tech-
niques for purification of the AIN starting material, and optimum growth condi-
tions, as well as mitigating defect formation, backside evaporation, and parasitic
nucleation.

While possible solutions to these issues are outlined in this chapter, important
details remain proprietary technology based on the researchers’ experimental
knowledge. Each research team is bound to its developed technology, in particular
the crucible material and the seeding/enlargement strategy. Teams that developed
AIN on SiC seeds [44, 45, 49] have already demonstrated single crystals with 2 in.
in diameter, but are faced with inhomogeneities and structural defects in the
crystals, as well as problems in keeping the diameter in subsequent growth runs. On
the other hand, teams that focused on AIN grain enlargement while perpetuating the
high structural quality [77, 78] have been able to increase the single-crystalline
diameter by only about 3 mm/year on average.

This poses at least two serious implications for future development of AIN
crystals and substrates: First, the number of parties able to provide state-of-the-art
substrates will remain limited, as newcomers lack the experimental experience.
Second, technology convergence as well as further progress and commercial
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breakthrough will decisively depend on further improvements in understanding the
AIN growth technology, in particular regarding the influence of contaminants and
dopants on crystal growth. Finally, the high temperatures and low growth rates of
AIN PVT growth will limit the use of AIN substrates to applications which clearly
benefit from the unique properties of this material. As it stands, deep-UV opto-
electronics is one of them.
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