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Nitridation of Bulk Monocrystalline and Powdered Microcrystalline Gallium
Arsenide Towards Cubic Gallium Nitride Nanopowders
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Abstract: Polished (111) surfaces of monocrystalline cubic gallium arsenide GaAs platelets and a powdered microcrystalline form of
GaAs were nitrided towards gallium nitride GaN under a flow of ammonia at temperatures in the range 600-900 °C for one to several tens
of hours. The progress of nitridation was followed mainly by grazing incidence X-ray diffraction GIXD and powder X-ray diffraction
XRD. Morphology changes were examined with scanning electron microscopy supplemented with energy dispersive analysis SEM/EDX.
Thermogravimetric and differential thermal analyses TGA/DTA were used to evaluate a thermal stability of the GaAs substrate. The
substrate/temperature/time related interplay in the formation of the cubic and hexagonal GaN polytypes from cubic GaAs and conditions

favoring the metastable cubic GaN polytype are delineated.
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1. INTRODUCTION

Gallium nitride GaN has been considered for many advanced
applications in modem electronics. It is a wide bandgap
semiconductor (3.4 eV for hexagonal structure) showing high
chemical and thermal resistance. With other III-V nitrides like
hexagonal AIN and InN it forms crystalline solid solutions of a
tailored bandgap from 1.8 to 6.2 eV [1]. Other crucial properties of
GaN include the strong piezoelectric (2-6 MV/cm) and exciton (>50
meV) effects, high breakdown voltage (ca. 2:10° V/cm), and
significant carrier mobility (2.7-10° cm/s) [2]. This set of properties
makes it a material of choice for advanced UV/Vis emission
devices and detecting systems (e.g., lasing and LED emission in
blue), FET transistors working at high temperatures, phototovoltaic
systems, fuel cells, high-density memory carriers, and many other
key applications [3].

Under ambient conditions gallium nitride is found in two
crystalline polytypes, i.e., wurzite-type hexagonal h-GaN (P63mc,
#186) and zinc blende-type cubic ¢-GaN (F43m, #216). It is worth
to note that nanocrystalline powders of GaN in the low nanosized
range exhibit heavily defected structures best described as the
mixture of cubic and hexagonal close packed layers [4]. Many basic
properties of these polytypes are quite similar while, for instance,
differences encompass such values for the h-GaN and c-GaN as 3.4
and 3.2 eV at 300 K for the direct bandgap or 0.20 m, and 0.13 m,
at 300 K for the effective electron mass, respectively. Not much is
known about the thermal stability range for the cubic variety while
the bulk hexagonal GaN as a nanopowder may survive several
hours at 975-1000 °C and even at 1200-1300 °C as an epitaxial
monocrystal [5]. Finally, the NaCl-type regular variety (Fm3m,
#225) is known to be stable only under extremely high pressures
[6].

Classic high-temperature syntheses starting mainly from
metallic gallium and N,/NHj; nitriding agents result in the stable
hexagonal structure [7]. Similarly, gallium halides [8a] and various
oxygen-bearing gallium precursors [8b,c] yield the common h-GaN
variety as do many typical metal organic chemical vapor deposition
MOCVD processes [9].
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Cubic GaN due to its somewhat different and often more
advantageous properties than its hexagonal counterpart has become
a subject of considerable interest in recent years [10]. The synthesis
of c-GaN appears to be more challenging than that of h-GaN. For
instance, thin films of cubic GaN were prepared on GaAs substrates
via gas deposition techniques [11] and plasma-assisted nitridation
[12]. Synthesis of free-standing c-GaN substrates grown by
molecular beam epitaxy MBE was also reported [13]. Bulk
crystalline ¢c-GaN materials were made with an ammonothermal
method utilizing various precursors [14]. Among the suitable
methods those that dwell on topochemically-driven nitridation of
phase-regular precursors require a special attention and the
conversion of cubic gallium arsenide GaAs has become of special
importance. For instance, plasma-assisted nitridation of GaAs at
700 °C under a pressure of 0.01 Torr resulted in a c-GaN layer
while the pressure of 0.05 Torr yielded a mixture of c-GaN and h-
GaN [15]. In another report, direct nitridation with ammonia at 700-
1000 °C of powdered GaAs resulted in the mixtures of both phases
of GaN and some residual GaAs [l6a]. In order to achieve
significant reaction progress, very long reaction times had to be
applied at lower temperatures (80 h at 700 °C) or high temperatures
had to be used close to the stability range of GaN (5 h at 1000 °C).
However, in that report no detailed information about the starting
powder except for its purity was provided. In this regard, the first
known to us report on GaAs nitridation did not address the question
of GaN polytype formation but concentrated on the feasibility of
the arsenide to nitride conversion after all [16b]. In the related area,
a topochemical reaction in the system nanocrystalline cubic GaP/N,
was reported to yield at 500 °C a pure phase of nanocrystalline c-
GaN or the phase in admixture with some metallic gallium and the
nitride's average crystallite sizes in the range 16-22 nm [17].

Herein, reported is a study on the nitridation with ammonia of
the (111) surfaces of the monocrystalline cubic GaAs
substrates/platelets and a polycrystalline powder of the arsenide
prepared by grinding of the monocrystal. The use of the platelets
was aimed at investigating early stages of nitridation while both the
powders and platelets were tested for conditions leading to the
complete nitridation and high proportions of c-GaN. The progress
of nitridation was followed for the surface-nitrided substrates by
grazing incidence diffraction GIXD and for the powders and
completely nitrided platelets by conventional powder XRD.
Morphology of products was examined with scanning electron
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microscopy SEM/EDX. TGA/DTA under helium was used to
evaluate a thermal stability of the GaAs substrate.

2. EXPERIMENTAL
2.1. Nitridation

Polished (111) monocrystals of GaAs in the form of ca. 0.5-0.6
mm thick platelets were of commercial quality (Institute of
Electronic Materials Technology, Warszawa, Poland). Powdered
samples were obtained by grinding some of the GaAs platelets by
hand in an agate mortar. The resulting powders had particle sizes
spanning from a few to a few hundred microns (SEM observations)
and, therefore, were in the microcrystalline size range. Anhydrous
ammonia of 99.999 % purity was used as a nitriding agent. A GaAs
sample, i.e., either an individual platelet of ca. 5x5x0.5 mm for
surface nitridation or some 0.5 g of powder accompanied aside by a
small platelet in the crucible for complete nitridation, were loaded
in an alumina crucible which was placed in a quartz reaction tube
that was then inserted into a tube furnace. After an initial 10 minute
purge with an ammonia flow of 1 cm’/sec, a furnace reactor was
heated under the flow of ammonia at 5 °C/min to a selected
temperature in the 600-800 °C range for the platelets and in the 700-
900 °C range for the powders/platelets. Upon reaching a target
temperature, the heating was continued for a preset time and,
subsequently, the furnace was cooled down under ammonia to
ambient temperature. A black mirror of deposited elemental As was
seen on colder parts of the reaction tube.

2.2. Characterization

All nitrided powders and platelets were characterized by
standard powder XRD analysis (X’Pert Pro Panalytical, Cu K,
source; 20 = 20-80°). After nitridation, the platelets retained their
initial shape while becoming porous and brittle. Following the XRD
determination, typically, the brittle platelets were ground by hand in
an agate mortar and checked again by powder XRD. Each powder
sample was placed in a metal support and pressed by applying a
normal force and shear motion to make the surface of the powder
mount smooth and flat. Average crystallite sizes were evaluated
from Scherrer equation applying the Rietveld refinement method.
For the evaluation, changes of the line profile parameters compared
to a standard sample were utilized. Our standard was a poly-
crystalline alumina sintered body with an average grain size over 5
um subjected to stress relief annealing. The profile parameters
depend on the instrument settings used for data collection and on
the profile function used for the refinement. In our analysis, the full
Voigt function was used to describe the profile of the measured
diffraction lines. The total profile width is a convolution of the
Gaussian profile part and of the Lorentzian profile part and these
parts are combined numerically. In such a method, the full width at
half-maximum (fwhm) is only one of several fitted parameters. In a
few cases of patterns containing severely overlapped peaks for
different phases, the crystallite sizes were estimated from the
strongest low angle peaks. The problem of particle size estimations
for nanocrystalline materials from XRD data is not unequivocal but
we believe that the consistent procedures for data acquisition and
analysis yield reasonable results for comparison purposes as
elaborated in our recently published studies on GaN nanopowders
[5]. For the partially nitrided platelets, phase composition of the
samples was determined with the grazing incidence X-ray
diffraction technique (GIXD) in the Bragg-Brentano geometry. The
measurements were carried out at the angle of incidence equal 1°.
X-ray diffraction patterns were recorded in a 2-theta range 10-90°
with a step of 0.02° and acquisition time of 10 sec per step. SEM
micrographs were acquired with a Hitachi Model S-4700 scanning
electron microscope. TGA/DTA determinations were carried out on
the TA-Instruments STA-SDT 2960 apparatus (alumina crucibles,
helium UHP 5N, sample mass 50-80 mg, helium purge before
determinations at 30 °C for 1 h, heating rate 10 °C/min). Table 1
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includes sample names, reaction conditions, and weight losses
during nitridation.

3. RESULTS AND DISCUSSION

The thermodynamic driving force for the conversion of GaAs to
GaN via the overall nitridation reaction GaAs + NH; — GaN +
AsH; (As + 3/2H,) resides in the relevant enthalpies of their
formation, i.e., —81.5 kJ-mol™" [18a] and —129.3 kJ-mol™' [18b],
respectively. Despite its quite common occurrence and remarkable
stability at room temperature, the less common cubic polytype of
GaN (zinc blende structure), c-GaN, is metastable requiring either a
kinetic reaction control or stabilization by suitable centers [19]. In
this regard, some theoretical calculations yielded the total energy of
c-GaN of merely 34 meV/unit formula higher than in the stable
hexagonal wurtzite structure, h-GaN, rendering the formation of
both phases plausible under typical experimental conditions [20].
The formation of c-GaN via nitridation from the common cubic
polytypes of GaAs and GaP may, in principle, result from the
advantageous topochemical relationship set up by the conversion of
the initial cubic lattice via element V exchange under suitable
conditions.

The experimental weight losses point out that all completely
nitrided powders/platelets and those surface-nitrided platelets that
were subjected to the highest applied temperatures of 750-800 °C
underwent some easily detectable nitridation (Table 1). In this
regard, a theoretical weight loss for a complete conversion of GaAs
to GaN is 42.1 wt%. This exact value was actually observed for
powder B nitrided at 800 °C for 90 hours. In general, all remaining
cases of the complete powder/platelet nitridation also resulted in
very high conversion ratios. The magnitudes of weight losses for
the partially/surface nitrided platelets are intentionally much lower,
ie., 1.8 to 7.7 wt%, indicating incomplete and mostly surface-
confined nitridation as will be discussed below. Despite small or
insignificant weight losses, all platelets including samples 1-7
displayed on the otherwise black surface a characteristic for GaN
brownish-yellow coloration. It is worth to point out that the GaAs
platelets upon complete nitridation still assumed the initial shape in
the product but they were not monocrystalline anymore but they
consisted of GaN nanopowders in the aggregated form.

The XRD scans for the samples A, B, and C are shown in Figs.
(1,2, and 3), respectively, and the phase contents, average crystallite
sizes, and estimated lattice constants are included in Table 2. In this
regard, the crystallite sizes calculated for h-GaN for the (002) and
(100) diffractions are referred to the crystallite dimensions along
the c-axis and perpendicular to it, respectively, pointing to a
prevailing crystallite shape, whereas the size calculated from the
(101) diffraction reflects more of an average grain size
characteristics. The analysis of line broadness for the c-GaN
polytype indicates that for all samples the crystallite dimen-sions
are comparable for different diffractions and, therefore, the
strongest (111) diffraction is used to provide a representative
average crystallite size. The data agree qualitatively with the results
reported in the earlier study on GaAs nitridation [16a].

Such a diffraction line shape is consistent with a very broad
crystallite size distribution of a likely bimodal characteristics
spanning both the nanosized range (broad line component) and
microsized range (sharp line component). The average crystallite
sizes are calculated from the fwhm of the overall broad line and,
therefore, they estimate the dimensions of the smallest crystallites
after all. It is also worth noting that the calculated crystallite sizes
along the various orientations for the h-GaN polytype indicate that
there is a significant crystallite texturing for the samples A-powder
and C-powder (platelet-type crystallites) while a more or less
equadimentional crystallite shape is suggested for the sample B-
powder. As already mentioned, the line shape analysis of the
diffraction lines for the c-GaN polytype is consistent with quite
regularly shaped crystallites in all powders. Finally, the calculated
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Table 1. Sample Organization and Nitridation Conditions (n/a —not applicable)

Sample Temperature [°C] Time [h] Weight loss [ %]
e e_ems—e—e—e e e e e s e, , ™ — =
0 (pure GaAs)
1 1
2 600 24
B 3 60
=
[+
= 4 1 <1
3 650
B 5 12
k=
3 6 1
o 700
5 7 6
v
8 1 1.8
750
9 2 2.5
10 800 1 13
=2 A-powder 39.5
o 700 90
< A-platelet 40.5
=
E B-powder 42.1
R B-platelet 800 90 42.0
=2
E = B-ground platelet n/a
TE C-powder 415
L
B C-platelet 900 6 41.3
S C-ground platelet n/a

Table2. Crystalline Phases and Average Crystallite Sizes in the Completely Nitrided Powders and Platelets A, B, and C (n/d — not

Detected)
c-GaN h-GaN ResidualGaAs
Ciystillite sizé Lattice Content Lattice constants,
0 H H 1]
Sample Content [%)] fisi] cnns:;lnt, a (%] Crystallite size [nm]| aand c [A] Content [ %]
A-powder 82 D(111)=36 4.512 17 D(100) =44 3.189 1
D(002)=4 5.203
D(101)=4
A-platelet 37 D(111)=98 4.513 63 D(100) =49 3.197 n/d
D(002) =21 5.204
D(101)=22
61 D(111) =41 4.508 39 D(100) =51 3.191 n/d
Bjside D(002) = 41 5.191
D(101) =44
62 D(111)=29 4.507 38 D(100)=14 3.191 n/d
B-platelet D(002) =9 5.186
D(101)=10
64 D(111)=38 4.509 36 D(100) =42 3.191 n/d
B-ground _
platelet D(002) =42 5.192
D(101)=43
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(Table 2) Contd....
c-GaN h-GaN ResidualGaAs
Crvatallite i Lattice Conitent Lattice constants,
Sample Content [%)] Ll i constant, a gRER Crystallite size [nm] aand ¢ [A] Content [%]
C-powder 843 D(111) =67 4511 15.4 D(100) =35 3.192 0.3
D(002)=6 5.191
D(101)=7
C-platelet 77 D(111)=55 4.509 23 D(100)=38 3.192 n/d
D(002) =49 5.188
D(101)=50
C-ground 89 D(111)=76 4.509 11 D(100) =359 3.190 n/d
platelet D(002) =59 5.192
D(101)= 159
A - c-GaN
A-platelet - e - h-GaN
A 4 - GaAs
* e @
i ° A
=
= LLk: ® ° o/|l® @
_a. ey .
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ﬁ A-powder R
=
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A
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Fig. (1). XRD scans for nitrided samples A (bottom — powder, top — platelet).
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Fig. (2). XRD scans for nitrided samples B (bottom — powder, middle — platelet, top —ground platelet).
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Fig. (3). XRD scans for nitrided samples C (bottom — powder, middle - platelet, top — ground platelet).

lattice constant for c-GaN, a, in all cases is within the range
reported for this polytype, 4.506-4.518 A [14a-c] while the a nad ¢
lattice constants for h-GaN are typically a bit larger than the ones
reported for not defected/well-crystalline h-GaN [22], e.g., Ref.
[22a] for a well-defined microcrystalline GaN: a = 3.189(1) A, ¢ =
5.185(5) A.

Interestingly, in contrast to the powders none of the bulk and/or
ground product platelets in this series of experiments is shown by
XRD to contain any residual GaAs indicating the overall better
nitridation conditions/outcome than found for the related powders.
The proportions of both GaN polytypes are similar in the case of
sample B-platelet and the related sample B-ground platelet (Fig. 2)
while the relative amount of c-GaN is found at a significantly
higher level in the powdered sample C-ground platelet than in the
initial bulk sample C-platelet (Fig. 3). In this regard, the sample C-
ground platelet showed the highest content of ¢-GaN obtained in
this study, ie., 89 %. We want to point out that by grinding one
averages out the surface and interior domains to get by XRD an
overall average phase composition of the sample. On the other
hand, the use of a platelet in such an experiment will, specifically,
result in an average phase composition of the probed surface layer.
Since the penetration depth of X-rays for both the samples B-
platelet and C-platelet is similar, this suggests that the nitridation of
the GaAs platelet at 900 °C for 6 hours (sample C) produces a
surface layer enriched in h-GaN relative to the interior while the
process at 800 °C for 90 hours (sample B) yields similar GaN phase
compositions throughout the bulk and the surface.

The morphologies of all three powders appear to be similar.
(Fig. 4) exemplifies a typical texture of two of them, ie,
completely nitrided powders B and C. The grains appear to preserve
their basic irregular shape from grinding. Higher magnifications of
grains (pictures on the right) resolve smaller constituent entities
many of them sized below 100 nm that is consistent with the XRD
estimations of the average crystallite sizes. Apparently, the product
crystallites now form quite stable aggregates/agglomerates with
increased porosity compared with the initial monocrystalline grains
of GaAs. On the flat surface of one of the grains (bottom, righ-hand
corner) originating, possibly, from a fragment of the initially
polished (111) surface, textured parallel rows of quite uniformly-
sized crystallites can be seen. This supports a conjucture that the
crystallography-related topochemical circumstances play a
significant role in the nitridation of GaAs.

The SEM images of all product platelets support a view that
they consist of a rather thin and dense surface crust and an interior
containing large globular crystallite agglomerates that appear to be
aggregated in layers (Fig. 5), low magnification pictures in the left-
hand column). Higher magnifications of the surfaces indicate
occasional regular texturing with parallel rows of quite uniformly
shaped crystallites (Fig. S, middle column).

In sample A-platelet, there are interior regions containing well-
shaped micron-sized hexagonal crystallites with tip-like ends (Fig.
S5, top row, right-hand side). The chemical circumstances and
crystallite shape suggest here the likely growth from a liquid phase.
Regarding this, our TGA/DTA study for a small platelet shows that
GaAs starts to decompose to the elements with sublimation of
arsenic at ca. 900 °C under helium (Fig. 6) but the reducing
conditions of the ammonia atmosphere in the nitridation study will
likely lower this threshold temperature. This implies in all cases a
certain degree of gallium arsenide decomposition with formation of
liquid gallium (m.p. 29.3 °C), as no other liquid phases are
anticipated in this system, followed by its in situ nitridation and
crystallization of the GaN product. Since the nitridation of metallic
gallium yields h-GaN, this mechanism seems to prevail in the case
of A-platelet being responsible for the highest proportion of h-GaN
among all the starting platelets in this series of experiment, i.e., 63
% compared with 38 % and 23 % in the B-platelet and C-platelet,
respectively. It is apparent when going from the A-platelet to C-
platelet that the higher the nitridation temperature the lower is the
content of h-GaN suggesting the GaAs decomposition pathway
becoming less significant with increased temperatures. The
prevailing crystallite shape in some of the large spheroidal
aggregates in the sample B-platelet is of tetrahedral habit that is
also typical for h-GaN (Fig. 5, middle row, left and right-hand side
images). These spherical features support the transient formation of
liquid gallium metal as previously discussed. Such features are also
seen in sample C-platelet (Fig. §, bottom row, left-hand side) while
the crystallite habit here is different than previously described being
now characteristic of hexagonal micro-multiplatelets (h-GaN)
tightly admixed with rectangular blocky shapes (c-GaN).

Initial stages of nitridation of the smooth (111) surface of GaAs
were also studied. As already mentioned, the compound starts to
decompose under helium at 900 °C. At the same time, thermal
dissociation of ammonia to reactive species including in situ formed
nitrogen becomes significant at 600-700 °C. These were the
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Fig. (4). SEM images of nitrided B-powder (top) and C-powder (bottom).

Sample A-platelet

Fig. (5). SEM images of completetly nitrided platelets A (top), B (middle), and C (bottom).
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Fig. (6). TGA/DTA results for pure GaAs platelet (sample 0).

observations behind choosing the nitridation temperatures in the
range 600-900 °C. Since we aimed at detecting a practical onset of
nitridation, relatively shorter reaction times were tried compared
with the experiments described earlier.

Fig. (7) shows the GIXD patterns including the reference
sample 0 and the platelets nitrided at the lowest applied temperature
of 600 °C for various times (samples 1, 2, and 3). Gallium nitride is
- detected on the surface mostly as a nanosized hexagonal polytype
with traces of the cubic polytype after a 60-hour treatment at this
temperature. Based on the specifics of GIXD determinations, all the
remaining diffractions can be assigned to GaAs.

Sample 3 {600 °C, GO} { 4 oo
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Fig. (7). GIXD diffraction patterns: reference sample 0 and samples 1, 2,
and 3 nitrided at 600 °C.

Despite insignificant weight changes for samples 1-3 and no
GaN phase detection by GIXD for samples 1 and 2 the SEM images
of all the nitrided samples show distinct alterations of the surface as
displayed in Fig. (8). Some pits appear already after a 1-hour
nitridation and they grow with time. After a 60-hour reaction,
numerous and quite uniform crystallites are seen that by EDX are
confirmed to be GaN.

Nitridation at 650 °C for up to 12 hours does not produce
detectable quantities of GaN at all (Fig. 9). The surface morphology
of samples 4 and 5 is similar to samples 1 and 2 showing the
characteristic pits (Fig. 10).

However, already after 1 hour at 700 °C (sample 6) there are
indications about some h-GaN at the detection limits of the GIXD

Fig. (8). Morphology of the initial and 600 °C-nitrided surfaces of GaAs
platelets: a) initial GaAs platelet — sample 0; b) 600 °C, 1h - sample 1
(surface); ¢) 600 °C, 60 h — sample 3 (surface).

Sample 5 (650 °C, 12h)
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Fig. (9). GIXD diffraction patterns: samples 4 and 5 nitrided at 650 °C.

method while after 6 hours at this temperature (sample 7), the
presence of the major nanocrystalline h-GaN admixed with a minor
c-GaN component is unequivocal (Fig. 11). The corresponding
SEM images are shown in Fig. (12). Each sample is characteristic
now of a mosaic of well-developed and quite deep pits that make
the sample's chemically etched surface uneven and porous. EDX
examination confirms gallium nitride present on both surfaces
consistent with the GIXD data. The natural/original fracture edge of
sample 7 (Fig. 12, image ¢) shows relatively large droplets that by
EDX are mostly elemental Ga suggesting that under local
circumstances a decomposition of GaAs may take place with the
formation of liquid Ga metal. This is consistent with the earlier
results for the completete nitridation of GaAs at 700 °C where
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Fig. (10). Morphology of the 650 °C-nitrided surfaces of GaAs platelets: a) 650 °C, 1h - sample 4 (surface); b) 650 °C, 12 h - sample 5 (surface/fracture); c)

650 °C, 12 h - sample 5 (surface).
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Sample 7 1700 °C. 6h; - h-GaN
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Fig. (11). GIXD diffraction patterns: samples 6 and 7 nitrided at 700 °C.

Fig. (12). Morphology of the 700 °C-nitrided surfaces of GaAs platelets: a)
700 °C, 1 h - sample 6 (surface/fracture); b) 700 °C, 6 h - sample 7
(surface); ¢) 700 °C, 6 h - sample 7 (fracture).

globular crystallite assemblages of GaN supposedly derived from
the molten gallium were observed (vide intra).

In Fig. (13), compared are diffraction patterns for samples 8 and
9 that were nitrided at 750 °C for 1 hour and 2 hours, respectively,
and for sample 10 after the 800 °C treatment for 1 hour. We want to
recall that these conditions resulted in the detectable weight losses
of the order of a few percent (Table 1). All patterns show increasing
with temperature and time cubic phase of GaN in addition to some
h-GaN and GaAs from the substrate. The relative quantity of the
latter in the surface layer is becoming smaller and smaller with
temperature, especially, after the 800 °C nitridation. The 800 °C
treatment results also in the highest proportion of c-GaN among all
the samples in this series of experiments. The approximate relative
amounts of both GaN polytypes in the surface layer probed in the
GIXD experiments are shown in Table 3.

The SEM images of samples 8-10 are included in Fig. (14). The
well-developed porous surfaces with rather large pits sized below 1
um are seen for all samples while, additionally, sample 10 from the
highest applied nitridation temperature of 800 °C displays a few

Table3. Relative Contents of c-GaN and h-GaN in the
Surface-nitrided GaAs Platelets Estimated from
GIXD data (n/d — not Detected)
c-GaN h-GaN
Sample
[%0] [%o]
##
1,2,4,5 n/d n/d
3 < 1 (traces) ca. 100
6 < ] (traces) ca. 100
7 < ] (traces) ca. 100
8 8 92
9 20 80
10 25 75
Sample 101800 2C. 1h) g
|
L] . L) :
T — N Nl i, e
= Sample 9 {750 °C. an)
= WM— — ._-l,i': W- -

Sample B {750 ¢, 1h)
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Fig. (13). GIXD diffraction patterns: samples 8 and 9 nitrided at 750 °C and
sample 10 nitrided at 800 °C.

areas rich in small and large spheroidal particles. By EDX, these
features are enriched in gallium suggesting GaAs side-decom-
position under the applied conditions as already discussed for
sample 7.

The GIXD data point out to the nitridation temperature as the
crucial factor in the formation of cubic GaN on the (111) surfaces
of the GaAs platelets and for the investigated reaction times and
applied conditions the threshold temperature is around 750 °C.
Below this temperature, i.e., at 600-700 °C, even a several hour
nitridation results in the major if not exclusive formation of
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Fig. (14). Morphology of the 750 °C and 800 °C-nitrided surfaces of GaAs platelets: a) 750 °C, 1 h - sample 8 (surface/fracture); b) 750 °C, 2 h - sample 9

(surface); ¢) 800 °C, 1 h - sample 10 (area with spheres).

hexagonal GaN on the GaAs surface. At 750-800 °C, the formation
of c-GaN is pronounced and its relative proportion seems to
increase with nitridation time. It is to be recalled that for the sample
A-platelet nitrided at 700 °C for 90 hours the prevailing product in
bulk was c-GaN (63 %) while for the sample A-powder under the
identical conditions the c-GaN polytype clearly dominated (82 %)
(Table 2). It appears, therefore, that the formation of c-GaN is
diffussion/temperature controlled by the transfer of both nitrogen-in
and arsenic-out species in this temperature range. It could also be
enhanced by cubic lattice stabilisation by transient arsenic centers
in the rather slow nitrogen-for-arsenic exchange.

The formation of h-GaN appears to take place, first, during the
initial stages of heating GaAs under an ammonia flow to a target
nitridation temperature and it is mainly confined to surface layers
where cubic-related topochemistry does not play an important role,
yet. In this regard, the passivated surface of GaAs is oxygen-rich
and oxygen-bearing gallium compounds are known to yield on
nitridation hexagonal GaN. Second, a decomposition side-reaction
of GaAs associated with transient formation of small quantities of
Ga metal also contributes to producing some h-GaN via the follow-
up reaction of gallium with ammonia. Based on these observations,
one can conclude that it will be extremely difficult in practice to
achieve a complete nitridation of microcrystalline powders and/or
bulk monocrystals of GaAs with an exclusive formation of c-GaN.
However, the relative contents of ¢c-GaN in the 80-90 % range are
easily accessible by this route and further tailoring of experimental
details (surface de-passivation, adjustments of heating rate and
ammonia flow, efc.) will likely increase this level. Finally, not
much is known about the thermodynamically favored conversion of
the unstable c-GaN to the stable h-GaN at elevated temperatures
and in the preceeding sections it was assumed that steady-state
phase and recrystallization equilibria were in effect. To the best of
our knowledge, the questions of a direct conversion of ¢-GaN to h-
GaN and the thermal stability of c-GaN have not been yet
experimentally explored and investigations in this area are in
progress in our laboratory.

4. CONCLUSIONS

The nitridation with ammonia at 700-900 °C of the mono-
crystalline and powdered microcrystalline gallium arsenide GaAs
results in the formation of mixtures of the major cubic polytype of
gallium nitride GaN (rare, metastable variety) and the minor
hexagonal polytype of the nitride (common, stable variety). The
relative contents of cubic GaN at the 80-90 % level with average
crystallite sizes in the range ca. 30-100 nm can conveniently be
obtained by this route. The topochemical circumstances set up by
the cubic lattice of the GaAs substrate are thought to be responsible,
in principle, for its preferential nitridation/conversion to the
metastable cubic GaN. Temperature-controlled diffusion conditions
of the nitrogen-for-arsenic exchange in the initial cubic lattice of
GaAs appear to be the crucial factor in enhancing this reaction

pathway. Additionally, cubic lattice stabilisation by residual arsenic
centers in the rather slow element V exchange process could also
contribute. Side-decomposition of GaAs producing transient liquid
Ga-metal domains as well as the presence of oxygen-rich
passivating layers on GaAs are the likely reasons behind the
formation of some stable hexagonal GaN. The question of the
plausible conversion of the unstable cubic GaN to the stable
hexagonal GaN at elevated temperatures and its impact on the
experimentally observed relative contents of the polytypes need to
be further explored.
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