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Abstract

Oxygen degrades the properties of AIN, thus pratybulk single crystals with low oxygen
concentrations is an important goal. Most of tkggen in bulk AIN single crystals grown by
the sublimation-recondensation method originates fthe hydroxides and oxides that
spontaneously form on the surfaces of the AIN sepwvder. For a typical AIN powder with

an average patrticle size of 1-2 microns, a 1-3moktoxide and/or hydroxide can account for
most of its oxygen (generally on the order of 1t@)vand hydrogen (200-300 ppm). Heating the
AIN powder source at 1950 °C for 10 h in a nitrogémosphere reduced its surface area by a
factor of 160 (due to sintering), the oxygen coniion by 16, and the hydrogen concentration
by 67. The difference in these reduction factoiggests some of the oxygen is dissolved into
the bulk AIN with this heat treatment. By firstragaling the AIN powder at a low temperature
(950-1000 °C) for several hours before sintering@80 °C, the oxygen and hydrogen
concentrations were reduced to lower levels. ©etemperature treatment is effective
eliminating oxygen and hydrogen from the surfacthefpowder, while high temperature
sintering reduces the specific surface area oftluece. The combination of heat treatments
produced a source with oxygen and hydrogen coratéms as low as 0.015 wt% O (1.9 X310
atoms O crif) and 1.7 ppm H (3.4 x 1batoms H crif). Annealing becomes less effective at
removing oxygen and hydrogen with longer heat tneats, suggesting there is a minimum
oxygen concentration that can be produced withrtteghod.
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Introduction

Aluminum nitride single crystals have several adagas over sapphire and silicon carbide as
substrates employing f&a.N epitaxial layers for electronic and optoelectromévices:>
Aluminum nitride has the same crystal structure (kurtzite) as all compositions of &a .xN,
thus epitaxy in any crystal orientation should begible on AIN. Aluminum nitride’s thermal
conductivity (3.2 W/cm-Kis 6-7 times higher than that of sapphire; thus &l better at
dissipating heat generated by devices. Unlikeailicarbide, AIN can be transparent to
ultraviolet light, so UV light generated by a devivould not be lost absorption on AIN
substrate. AIN does not contain elements thapatential dopants in the epitaxial layers, as
oxygen from sapphire or silicon or carbon fromcsifi carbide are.

Most importantly of these three substrates, AIN thassmallest lattice constant mismatch with
AlGa.N. By employing AIN substrates, it may be possibl@repare epitaxial layers without
any high dislocation density buffer layer. Consatly, using AIN single crystal substrates
should reduce the density of dislocations iRGe.«N epitaxial layers. This will improve the
efficiency of light emitting diodes, especially #®emitting at wavelengths shorter than 280 nm.
The beneficial effects can be dramatic: Mynetral’ predicted that reducing the dislocation
density in epitaxial AlGa.xN devices layers will increase the external quangfiilciency of UV
LEDs by two orders of magnitude. Such an increéasdficiency would help to make Aba xN
UV-LEDs commercially viable.

The largest and highest quality bulk AIN singlestays are grown by the sublimation-
recombination process:® This method is based on driving the reaction AN{ Al(v) + 2N,
forward in the source zone and in reverse in tigstal growth zone. The source is typically AIN
powder or a sintered polycrystal, and sublimatioouns at temperatures greater than 1900 °C.
Over the last decade, this method has produced,largh quality AIN crystals with relatively
low etch pit densities (£faL0° cn¥) after defect selective etchifig®

One problem with bulk AIN crystals produced by ghblimation-recombination process is their
high oxygen concentration, typically on the ordet®" O atoms crii.***? Oxygen adversely
affects the properties, crystal quality, and swefamrphology of the AIN crystals:*® At low
concentrations, oxygen promotes the formation ofadancies which significantly reduces
AIN’s thermal conductivity’®> With increasing oxygen concentration and henceashncy
concentrations, the Al vacancies coalesce, formiagking faults, inversion domains, and more
extended defectd. Furthermore, the release of oxygen from the satesto the film during
epitaxial growth could interfere with efforts tortml the electrical properties of the film by
impurity doping.

The present paper considers the origin of oxygeNdMN powders. Native surface oxides and
hydroxide that spontaneously form on the AIN powglarticles are identified as the main source
of oxygen. Reducing the surface area of the Albds®is shown to be effective at reducing the
oxygen concentration. The evolution of the surfaea of the source with sintering is
measured. The impact of annealing and sinteroften employed to reduce the concentrations
of oxygen and hydrogen in the source materialx&rened. Finally, recommendations
concerning processing to reduce the oxygen andlggdrin the AIN source material before it is
employed in crystal growth are made.



Background

Aluminum has a strong affinity for oxygen, hence surfaces of most solid aluminum
compounds are covered with a native oxide or hyidesX Oxidation occurs in the presence of
oxygen; hydroxidation occurs when aluminum oxickssct with water vapor in air. The
amorphous thin film that forms may be a mixtur@oé or several aluminum-oxygen-hydrogen
compounds such as aluminum trihydroxide (Al(@Haluminum oxide hydroxide (AIOOH, or
Al,O3-H,0), or aluminum oxide (ADs).*® The Gibbs free energy of formation of these
compounds at room temperature have large negadives, so there is a strong tendency for
them to form. The diffusion of oxygen, water, addminum through the film is slow at room
temperature, thus growth of the native oxide/hyatexs self-limited: oxidation and
hydroxidation ceases after a film of a few nanomseteformed.

Several studies suggest that the main native iinmtiat forms on AIN exposed to ambient air is
AIOOH.*3*° |ts formation occurs rapidly, within a few minste Panchula and Yint§ followed
the formation of native hydroxides on freshly pmeggbnanocrystalline AIN upon exposure to
oxygen and water vapor in ambient air by photo-atiodourier transform infrared
spectroscopy. Surface adsorbed species wereyemtidcted due to the high surface area of
their powder (250 fAig). Before exposure to air, the presence of,MittH, and adsorbed CN or
HCN (the latter two formed during the synthesishaf powder) was inferred from the spectra.
After exposure to air for 5 minutes, the changipgcdra indicated AIOOH was forming, with the
physisorption or weak chemisorption of water, aminainished signal from CN/HCN due to
desorption or reaction with water. Additional chas in the spectra indicating further reactions
with oxygen and water occurred during the 18 hofitheir study.

Several studies have attempted to directly meakerthickness of the native oxide/hydroxide
on AIN. Slack and McNell§ reported that an oxide 5.0 to 10.0 nm forms on iNne day at
room temperature based on neutron activation aisadypowders and optical ellipsometry on
single crystals. For comparison, they reportateegature value for aluminum metal of 3.0 nm.
Dutta and Mitr&® measured aa-Al,03 2-3 nm thick, formed within minutes on freshlyahed
AIN at room temperature. Measuring the native efgdroxide of several AIN powders,
Kameshimaet al*! reported that the oxide/hydroxide thickness wazeddent on how the AIN
powder was synthesized. From x-ray excited Autgaten spectrum (XANES) measurements,
Kameshimaet al?! concluded that the oxide thickness of AIN powdeaduced by
carbothermal means was twice as thick (1.1 nmh@setfound on AIN powders produced by
direct nitridation (0.5-0.6 nm). Also using XPSalhauet al*® concluded that the limiting
thickness of AIOOH on AIN (0001) exposed to air via® nm.

Measurements of the native oxide thickness on AdiXehalso become available as a byproduct
of the development and characterization of AIN rparticles. Examing published high
resolution transmission electron micrographs of Athhoparticles by Panchula and Yafg,
Shenet al?? Kim,?® and others suggests that the native oxide/hydedisid.5 nm to 3 nm thick.

Sintering has been developed as a means to regeicemncentration of oxygen in AIN powders
before it is used to grow AIN crystals. Bickermaatral'* accomplished this by heating their
AIN source to partially sublime the material. Thegted that an oxygen-rich layer was the



initial product formed in the crystal growth zonbem an AIN source is sublimed. This suggests
that in an oxygen-free nitrogen ambient, aluminutggen species are more volatile than AIN.

A simple procedure for reducing the oxygen conegiain in AIN powder is heating in either a
vacuum or under nitrogen. If the oxygen is pressnAIOOH or Al(OHj), reactions involving
hydrogen may also be effective at removing oxygemfAIN powder via the formation of
water. In this case, the reactions might involve

(1) 2AI(OH); = Al,O3 + 3H,0 or
) 2AI(OOH) = AbO; + H,0

In a study of water desorption from AIN powderstbsnperature program desorption (TPD)
Saitoet al?* detected significant amounts of water desorbirtg/éen 200 °C to 450 °C. Their
study and a subsequent study byt al?® supports the probability of reactions 1 and 2
occurring. Similar conclusions were drawn from X&lysis by Dalmaat al*® an oxygen

peak characteristic of a hydroxide was reducednmgaling for 6 h from 260 °C to 830 °C under
ultrahigh vacuum. The intensity of XPS oxygen geetkanged in a manner indicating a shift in
the surface composition from AIOOH toward,@} with increasing temperatut.

At sufficiently high temperatures (more than 15@0), in the presence of Al vapor (which is
produced by the sublimation of AIN), the oxide ¢eremoved by forming volatile oxygen
specie€® The most probable reaction is

3 AlLOs + 4 Al(g) = 3ALO.
This reaction may be involved in the formationtod bxygen-rich material that Bickermaan
al** observed.

Experimental

In this study, the removal of oxygen from the Aldusce was examined. The aluminum nitride
powder used in these experiments consisted of galhearticles, with an average diameter of
1.5 um. The manufacturer reported surface areéi®powder was 3.4 g, with 0.9 wt%
oxygen and 0.06 wt% carbon as the main impurities.

The AIN powders were treated in two ways to redheesurface area and oxygen concentration.
In one set of experiments, the AIN powder was laglapproximately 1950 °C (sintered) for
times ranging from 2 to 20 hours in a nitrogen anbi In a second set of experiments, the AIN
was first held at 960 °C to 1000 °C (annealed@fbrto 10 h in a vacuum, and then was sintered
at 1920 °C for 2 h to 10 h in nitrogen, the amafritme for each sample being equal to the low
temperature annealing time. The source was locatademperature gradient of approximately
5 °C/cm, which cause it to lose mass via sublinmatibhe mass of the source was measured
before and after the heat treatments, to deterthmpercent of mass change. All experiments
were performed using a tungsten crucible in a tasily heated all tungsten furnace.

The specific surface areas of the original powaher the powders after heat treatments were
measured by the multi-point BET (Brunauer, Emmed] &eller) method using krypton gas, the



preferred gas for low surface area materials. dXtygen and hydrogen concentrations were
measured by the inert gas fusion technique, comyrreifiérred to as LECO analysis.
Transmission electron microscopy (TEM) specimensevpeepared from the AIN powders. The
particles were suspended in methanol and thersahireated for three minutes to separate the
particles. A suspension drop was placed on a hzddyon film coated on a Cu grid and left to
dry. A Hitachi H8100 TEM operating at 200kV was dise take high resolution micrographs to
determine the thickness of the native oxide layer.

Results

The source for most AIN single crystal growth sasdis AIN powder composed of small
particles that are less than 1 to 2 microns in di@m The surface area of common
commercially available AIN powders is typically tveten 2 to 4 rfig, which is substantially
larger than the minimum possible. Based on thaitieaf AIN (3.261 g/cm), the minimum
surface area (assuming the shape of a sphere)fgrdm of fully dense AIN is 2.2-Tam?q;

four orders of magnitude less than that of the pawd Thus, because powders have large
surface areas, even though the oxide or hydroxiger lis quite thin, the powders will inherently
contain a high concentration of oxygen.

The maximum native oxide thickness can also benastid by knowing the surface area of the
powder (or estimating the surface area from theamepowder particle diameter, assuming the
particle is spherical) and its bulk oxygen concatidn. By knowing the powder’s surface area,
oxygen concentration, and the densities of theefdgsume to be 3.98 g/&mthe maximum
native oxide film thickness can be calculated Isuasng all oxygen resides in the film. Using
the oxygen concentrations and surface areas reployteommercial vendors, and the
characteristics for several AIN powders reported\tBimeret al*® a range of maximum oxide
thicknesses from 1.3 to 4.0 nm was deduced. Assyithe thin film is all AI(OHj (density of
2.42 glcm) instead, increases this thickness value by 05%.2 Thus, a minimum
oxide/hydroxide thickness for AIN exposed to amb&nis 1.3 nm, and a typical value is 2-3
nm.

The as-received AIN powder particles employed enghesent study were approximately
spherical in shape (Fig. 1.a). The thickness efakide/hydroxide on the surface of one of these
particles was measured as 2.0 nm by high resoltr@msmission electron microscopy (Fig. 1.b).
This value is similar to those previously measure@iEM studies of AIN nanowires and other
nanoparticles®?%?® The initial oxygen and hydrogen concentrationthefas-received AIN
powders in the present study were 0.82 wt% andpp®T respectively (1.0 x $bO/cn? and 4.7

x 107 H/cnt), as measured by inert gas fusion. The atomiic c&tO/H is 2.2 suggesting most

of the oxygen is present as AIOOH, since it haghd K@tio of 2.0.

The specific surface area of the AIN source wasswea as a function of the mass sublimed
(the percent reduction in mass) and is presentétjure 2. The original surface area of the as-
received powder was 3.5%@, which is nearly the same as that specifiecheymanufacturer.

With just a 3.5% mass reduction (2 h sintering®iQL°C), the surface area drops sharply by a
factor of 30. With additional sublimation, the sifie surface area decreases more gradually, by
another factor of 5 for a 19.3% total mass reductilm all, the surface area was reduced by a
factor of 160 after sintering at 1950 °C for 10 twoun nitrogen. Despite this significant



reduction, the specific surface area of the sowma® still a hundred times larger than the
minimum possible for AIN. Scanning electron miat@ghs reveal this change in surface area
occurred with the agglomeration of particles andnarease in their average size (Fig. 3).

The concentrations of oxygen and hydrogen in thié gdurce were also significantly reduced by
sintering at 1950 °C. With a 16.5 % mass redudbipsublimation (10 h), the oxygen in the
source was reduced from 0.824 wt% O to 0.049 wt%t@ctor of 16.8 (Fig. 4). With the same
mass reduction, the hydrogen concentration in tiNesdurce changed from 237 ppm originally,
to 3.5 ppm. The factor by which the hydrogen vehiced is larger than that for oxygen (68
times), but it is still less than the factor by ainthe surface area was reduced.

To reduce the oxygen and hydrogen concentratioes gwther, a series of sources were
prepared in a two step process, annealing fir86at°C in a vacuum before sintering at 1950 °C
in nitrogen. The goal was to decompose the hydeand desorb water at a low temperature, as
suggested by the work of Saibal®® Heating at this low temperature should removehmafc

the surface oxygen and hydrogen without creatingsvwith internal surfaces that contain
oxygen and hydroxides. Using this procedure, thygen and hydrogen concentrations were
further reduced by factors of 2 and 2.5 in comari® the cases of directly heating to the
sintering temperature. The minimum oxygen and dgein concentrations in the sources were
0.015 wt% O (1.9 x 8 cmi®) and 1.7 ppm H (3.4 x 1§ cm®). Despite the additional low
temperature heating, the rate of mass change withwas nearly identical to the case of
sintering alone.

Discussion

Subliming roughly 15% of the original AIN powderwsoe mass reduced the surface area from
3.5 nf/g to 0.02 Mg, a factor of 175. By heating directly to 198D&nd subliming roughly
15% of the original source mass, the O concentratimnged from 0.8 wt% to 0.05 wt%, and
the H concentration changed from 240 ppm to 4 ppduyction factors of 16 and 60
respectively.

If oxygen were present only in a 2 nm thick layEhydroxide (AIOOH) on the surface of the
AIN source after this heat treatment, the oxygemceatration would have been 0.0064 wt% and
the hydrogen concentration would have been 2.0 ppmce it is unlikely that the native oxide
that forms on the heat treated AIN is significarticker than the original powder, this suggests
that the oxygen is no longer confined principatiythie surface, but was contained within the
AIN, possibly dissolved into the bulk AIN or trappat internal surfaces of voids.

Including a low temperature heat treatment befagh temperature annealing reduced the
oxygen and hydrogen concentrations more than hgedirectly to 1950 °C. With a low
temperature annealing step, for a 15% reductigdha@rsource mass, the oxygen and hydrogen
concentrations were 0.02 wt% O and 1.9 ppm H, &urtaductions in concentrations by factors
of roughly 2-2.5. Clearly, the low temperaturetirvephelped to remove the oxygen and
hydrogen over what was possible by heating dira@oti©950 °C. The low temperature heat



treatment probably removes the oxygen and hydregewater desorption. This occurs without
sintering, which can create voids in the materiaich trap the impurities.

Still, even with the low temperature annealing step remaining oxygen concentration
exceeded that which was expected from a surfacekigtk layer alone. After sintering, the
oxygen to hydrogen ratio had increased to 8.8s Thange in the O/H ratio also suggests that
some of the oxygen is dissolved in the AIN, ifthi remaining hydrogen is present at the
surface.

The decreases in the rates of oxygen removal arf@acsuarea reduction with increasing
annealing time suggest that there is a minimum emygpncentration that sintering can achieve.
There is an asymptotic approach to limits of bb#durface area and the oxygen concentration
with time. These limits on the source material wilturn set a minimum oxygen concentration
in the AIN crystals grown from these sources. €hae, further reductions in the oxygen
concentration in AIN crystals will require a diféat approach such using different source
materials.

Conclusions

Most of the oxygen in the AIN powder sources emetbfor bulk crystal growth is initially
present as a surface hydroxide, most likely AIOOHe high surface area of powders limits the
minimum oxygen concentrations possible in the aagsource to relatively high values, on the
order of 1.0 wt% oxygen. Heating to partially sot@ the source reduces the surface area (via
sintering) and the oxygen and hydrogen concentratid he lowest concentrations of hydrogen
and oxygen are achieved in a two step processrdiyahnealing the AIN source at a low
temperature (<1000 °C) in a vacuum to remove tlizdydes and adsorbed water vapor, then
sintering at a high temperature (1950 °C) in nitrog Nevertheless, there is a minimum oxygen
concentration that can be achieved by sinteringgéo sintering time or the partial sublimation
of more material becomes increasingly less effeaivremoving oxygen. This suggests that
alternate approaches such as employing differedtsdlurces will be required to grow AIN
crystals with low oxygen concentrations.
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Figure Captions

Figurel Images of the as-received AIN powder employetthig study. (a) Transmission
electron micrograph of an individual AIN particléb) High resolution TEM image of the native
oxide/hydroxide on the AIN powder particle.

Figure2 Specific surface area of the AIN source as atfanof the mass sublimed at 1950 °C
under a nitrogen pressure of 613 torr.

Figure 3 Scanning electron micrographs of the AIN soufagthe as-received powder, and (b)
the source after sintering for 5 hours at 1950 T@e average particle size increases with
sintering. The scale bar is 5.0 microns.

Figure4 The oxygen concentration of the AIN source afion of the mass sublimed at 1950
°C. Open circles and dashed line are from soutw#saere heated directly to 1950 °C, closed
circles and solid line are from sources that wergealed at 960 °C before sintering at 1950 °C.

Figure5 The hydrogen concentration of the AIN sourcea asction of the mass sublimed at
1950 °C. Open circles and dashed line are fromcesuhat were heated directly to 1950 °C,

closed circles and solid line are from sourceswet annealed at 960 °C before sintering at

1950 °C.
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