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The pnictogen-metathesis reaction of microcrystalline gallium phosphide GaP with ammonia NHz at
temperatures of 900-1150 °C for 6-60 hours afforded in one step nanocrystalline powders of the wide
bandgap semiconductor gallium nitride GaN. A suitable choice of conditions including variations of
reaction temperature/time and manual grinding or high energy ball milling of the substrate enabled
control over distinct GaN particle morphologies, regularly shaped particles or nanowires, and average
crystallite sizes up to a few tens of nanometers. Under the applied conditions, all by-products were
conveniently removed as volatiles affording pure GaN nanopowders. In contrast to ammonolysis of the
related cubic GaAs and cubic GaSb, which yielded mixtures of the hexagonal and cubic GaN polytypes,
here, the nitride was made exclusively as the stable hexagonal variety. All this supported specific reaction
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1. Introduction

Gallium nitride GaN has burst into modern electronics thanks
to its unique pool of properties notably including the wide
badgap of 3.4 eV for hexagonal GaN or 3.2 eV for cubic GaN,
both suitable for diverse optoelectronic applications. It is worth
underlining gallium nitride's feasibility to make solid solutions
with other Group III(13)-nitrides, which in the form of thin
films nowadays constitute the basis for pivotal light-emitting
diodes and lasers in the ultraviolet and visible blue ranges."?
Additionally, theoretical and practical capacities of nitride's
lattice, which can be modified with suitable centers, create
conditions for effective modifications of the material's semi-
conducting, optical, and magnetic properties at once.'* To this
point, numerous methods reported for the synthesis of GaN
prevailingly address the GaN-based thin film formation and/or
making monocrystalline GaN optoelectronic device supports.
At the same time, the progress in developing convenient and
high-yield synthesis methods for GaN nanopowders is not yet
satisfactory as exemplified by some of the reviews on the
subject. The available methods are mostly based on utilization
of the affordable gallium metal or gallium oxygen-bearing
precursors in reactions with a nitriding agent such as
ammonia or nitrogen whereas, sometimes, selected organo-
metallic gallium precursors have also been tried.
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substrate to the hexagonal GaN product.

Some of us contributed to developing a number of new
synthesis routes to GaN nanopowders such as the metathesis in
the system GaX;/LizN (X = Cl, Br),® original preparation and
deamination of polymeric gallium imide {Ga[NH];,}n® and
cyclotrigalazane [H,GaNH,]; 7 as well as the ammonolysis of
readily available gallium nitrate aerosolized solutions.®™*
Based on this experience, we can stress the advantages of both
the anaerobic gallium imide route, which yields average crys-
tallite sizes of oxygen-free GaN ranging from one to several tens
of nanometers and the aerosol-assisted method, which uses the
affordable gallium nitrate precursor in a relatively large-scale
synthesis. However, the gallium imide route is a multi-stage
method that requires elaborate equipment and complex pro-
cessing characteristic of anaerobic syntheses. Along this way,
the aerosol-assisted route is a two-step synthesis resulting in
rather large average crystallite sizes above 30 nm with intrinsic
chances of getting residual oxygen in the product. Actually, we
are not aware of a method that would economically supply large
quantities of pure, size and polytype-controlled nanopowders of
GaN. This aspect has become a real problem in our otherwise
successful trials of high-temperature high-pressure sintering of
GaN nanopowders into robust ceramics.” We directly learned
that an economical and well-controlled method of GaN nano-
powder synthesis has yet to be worked out.

For reaching such a goal, we have focused our efforts on
metathetical ammonolysis of such gallium pnictides as GaAs,
GaSb, and GaP which, in principle, should yield GaN in one step
and high yields. The large scale preparation of these gallium
pnictides as bulk crystals, the valuable semiconductors, is well
developed via the Czochralski method and, additionally,
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considerable quantities of the materials seem to be available as
post-processing wastes in electronic industry. First, we re-
examined the known reaction of cubic gallium arsenide GaAs
with ammonia which yielded increased proportions of the rare
cubic gallium nitride, c-GaN.'*** We showed that up to some
90% of c-GaN could be prepared in admixture with the hexag-
onal polytype, h-GaN. It is appropriate to mention that c-GaN
is thermodynamically a metastable phase, thus, its prevailing
formation can be linked to advantageous topochemical
circumstances during ammonolysis with N for As replacements
in the cubic lattice of the GaAs substrate. Second, we have
recently explored a related system GaSb/NHj, which afforded
definite mixtures of both GaN polytypes, this time with the
increased amounts of h-GaN in the 66-92% range.’*® It
appeared for these two systems, that a fine interplay of the
thermodynamic and topochemical/kinetic factors determined
the GaN polytype make-up. In this regard, the evolution of
particle size/surface during substrate grinding was found
essential in deciding which of the factors was dominant. For
instance, the ball milled GaSb powders resulted consistently in
GaN nanopowders with the very much constant 66-68%
contents of h-GaN for a range of applied conditions suppressing
to a great extent the temperature/time effect. The resulting GaN
nanopowders were shown to be of very good quality including
high purity and structural integrity.

In continuation of the project, herein, described is the
synthesis of nanocrystalline GaN by ammonolysis of micro-
crystalline gallium phosphide GaP. Given the standard
enthalpies of formation for GaP (—25 kJ mol ), NH; (—46 k]
mol '), GaN (—157 kJ mol™"), and PH; (—5 or —23 kJ mol ",
depending on the white P or red P reference state, respectively),
the standard reaction enthalpy for a model metathesis reaction
of the type GaP + NH; — GaN + PHj; is negative and, therefore,
thermodynamically supported. Taking into account the various
mixtures of the GaN polytypes formed in the related GaAs/NH;
and GaSb/NH; systems, a potential significance of top-
ochemistry in shaping up reaction outcome in the GaP/NH;
system has had to be experimentally appraised. Specifically, in
this project monocrystalline chunks of GaP were either manu-
ally ground in an agate mortar or milled in a high energy ball
mill, which was followed by pyrolysis under a flow of ammonia
for up to 150 hours at temperatures in the range 800-1200 °C.
The products were yellowish to gray yellowish, loosely agglom-
erated powders that were extensively characterized.

2. Experimental
2.1. Synthesis

Chunks of GaP of commercial quality were acquired as waste
material from the Institute of Electronic Materials Technology,
Warszawa, Poland. The material required grinding that was
accomplished with two different methods. In manual grinding,
a few grams of dark yellow-brownish chunks were placed in an
agate mortar and ground for approximately 10 minutes to afford
a dark yellowish powder. For deep grinding by wet high energy
ball milling, a few grams of chunks crashed to sizes below
ca. 1 mm were placed in a grinding bowl of the FRITSCH
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Pulverisette 7 planetary ball mill onto which 10 ml of dry xylene
were added. Twenty 3 minute intermittent grinding periods
were applied at 900 rpm, each separated by a 10 minute break to
prevent overheating of the bowl's content. After each grinding
period, the bowl warmed up to 50-60 °C much below the boiling
point of xylene, 140 °C. Following recovery from the bowl, the
sticky paste was evacuated for 1 h to remove volatiles affording
a slightly agglomerated precursor powder. A sample of dry ball
milled GaP was also prepared by the identical procedure carried
out without xylene. A batch of 1 to 2 grams of the powder was
placed in an alumina boat and inserted into a ceramic reactor in
a tube furnace. Prior to heating, the system was purged with
high purity ammonia, 99.999%, 30 min, 0.05 L min~*, and such
a flow rate was maintained throughout the reaction. A selected
reaction temperature was attained with a heating rate of 5 °C
min~". Preliminary experiments were carried out at 800 and 850
°C for up to 150 hours to afford mixtures of unconverted GaP
and some GaN. For the reaction at 900 °C, hold times in the
range of 36-60 hours resulted in complete nitridation. For the
reactions at 1000-1150 °C, a 6 to 36 hour heating time accom-
plished the same goal. An additional single experiment at 1200
°C, 12 hours, resulted in complete decomposition of GaN
towards volatile species producing an empty crucible. The
reactions were carried out for both the manually ground and
ball milled GaP powders. Upon cooling to room temperature
under flowing ammonia, each sample was evacuated for 30
minutes to remove volatiles. The final products were gray
yellowish, loosely agglomerated powders.

2.2. Characterization

Particle size distribution for substrate powders was measured
by dynamic light scattering on Nanosizer-ZS of Malvern
Instruments. All substrates and products were characterized by
standard powder XRD analysis (X'Pert Pro Panalytical, Cu K,
source; 26 = 10-110°). Average crystallite sizes were evaluated
from Scherrer's equation applying the Rietveld refinement
method. For the evaluation, changes of the line profile param-
eters compared to a standard sample were utilized. 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 Lor-
entzian 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. Solid-state "*Ga MAS NMR
spectra were acquired on the APOLLO console (Tecmag) at the
magnetic field of 7.05 T produced by a 89 mm bore super-
conducting magnet (Magnex). A Bruker HP-WB high-speed MAS
probe equipped with a 4 mm zirconia rotor and KEL-F cap was
used to record the MAS NMR spectra at the spinning rates of 6
or 8 kHz. The resonance frequency was equal to 91.385 MHz and
a single 2 ps rf pulse was used, which corresponded to /4 flip
angle in the liquid. The acquisition delay used in accumulation
was 1 second and the typical number of acquisitions ranged
from 1000 to 4000. The frequency scale in ppm was referenced
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to Ga(NOs); (1 M in D,0). All resonance positions were uncor-
rected for the second-order quadrupolar shift. Micro-Raman
analysis was generally done by HORIBA LabRAM HR spec-
trometer with 532 nm laser, sample power of 20 mW, accu-
mulation time 10 s and 2 scans, confocal hole 1000 pm with
long-focus length. For two samples showing strong non-
specific luminescence, which could not be measured with the
532 nm laser, a laser operating at 325 nm, sample power of 10
mW, accumulation time 10 s and 2 scans, and confocal hole
1000 pum with long-focus length was used; however, due to
instrumental artefacts this limited the lowest shift to be at 400
em ', UV-vis data were collected on a Perkin-Elmer spectro-
photometer Lambda 35 equipped with a 50 mm integrating
sphere. SEM/EDX data were acquired with a Hitachi Model S-
4700 scanning electron microscope.

3. Results and discussion
3.1. Chemistry and thermodynamics in the system

The anticipated chemistry behind the metathetical nitridation
of GaP can be summarized by a thermodynamically supported
simplified reaction of the type GaP + NH; — GaN + PH; par-
alleling the related systems of GaAs/NHj; * and GaSb/NH;.'*¢

Phosphine PH; is a gas stable at ambient conditions
(AH? PH; = —5 or —23 k] mol ') and known to decompose into
several species including P, and P, vapors at increased
temperatures, especially, higher than 550-600 °C."* Under the
currently applied conditions, one could therefore expect
condensation of the by-product vapors into red and/or white
phosphorus in colder parts of the set-up**? leaving a pure GaN
product in the hot zone with no separation efforts. In no case,
any phosphorus was detected by XRD in the products. Also, all
completely reacted nanopowders were examined by SEM/EDX to
show no P within the method detection limits.

It is worth to note that at temperatures in the range 900-1150
°C the GaP substrate is potentially to undergo some decompo-
sition into liquid gallium metal (mp 30 °C) and phosphorus
vapors. As the matter of fact, solid GaP is reported to evaporate
congruently only up to ca. 680 °C**“ to show at the melting point
of 1520 °C a dissociation pressure of 35 atm.*?? Despite this, ball
milled powders of GaP have seemed to be successfully applied
to make GaP nanowires in the temperature range 950/1100 °C
under argon via “sublimation” method.*** At the same time, the
propensity of GaP to vaporize incongruently has been utilized in
constructing devices with GaP decomposition-derived P-sources
for molecular beam epitaxy.”® Thus, on the one hand, the rela-
tively low decomposition temperatures of GaP may create
a situation of ammonia reacting with isolated gallium droplets
towards GaN after all. On the other hand, if conditions for
significant GaP evaporation exist, e.g., by virtue of increased
particle surface area upon deep grinding by ball milling, gas
phase reactions between the sublimed GaP species and
ammonia may come to play. For both reactions outlined above,
the thermodynamically favored hexagonal polytype of GaN is
expected to form nonetheless of distinct habits.

The known chemistry of GaP towards nitrogen sources is
rather scarce with a notable exception of N-doping of various
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GaP structures including nanowires for electronic applica-
tions.* As the matter of fact, N-incorporation into cubic GaP
made at some point possible the commercial production of
yellow light-emitting sources." A singular report on the stability
of GaP nanopowders under nitrogen determined an unexpected
formation of the metastable cubic GaN, sometimes admixed
with elemental Ga, upon treatment at 500 °C.*® In our opinion,
the authors rather incorrectly proposed a reaction mechanism
involving a decomposition of GaP to the elemental Ga and P
followed by reactions of Ga with N, particles to form GaN. Even
if it is only hardly possible that nanodroplets of Ga could react
with molecular nitrogen towards gallium nitride under such
conditions, it is very unlikely to expect from it the metastable
c-GaN after all. It is rather a gradual and topochemically
controlled replacement of P with N in the cubic lattice of
nanosized GaP that offers plausible explanation of c-GaN
formation. In line of “unexpected” outcomes concerned with
the related chemistry of GaP, another report described the
preparation of N-doped single crystalline GaP nanowires by
sublimation of ball milled GaP powders under an ammonia
flow in the temperature range 950 (substrate)-1100 °C (sour-
ce).”* A merely moderate N-doping of the resultant cubic GaP
nanowires at the level of ca. 10'® ecm > was estimated whereas
there was no evidence for nitridation towards GaN. This
certainly seems to be very much in contradiction to the antici-
pated chemistry of our project that is nevertheless firmly rooted
in the confirmed nitridation chemistry in the related systems of
GaAs/NH; and GaSb/NH;.

When looking at stabilities of the two most common GaN
polytypes, theoretical calculations suggest a very small differ-
ence in standard total energies between the hexagonal (wurt-
zite) and cubic (zinc blende) polytypes.'” The total energy of c-
GaN is lower merely by 9.88 meV per atom or 16 meV per unit
compared with that of h-GaN which implies that the formation
of the nitride's metastable cubic phase is practically possible
and may depend on the choice of specific reaction/experimental
conditions (kinetic control, extreme pressure/temperature,
substrate surface-nitride layer lattice compatibility, top-
ochemistry). In this regard, there are known reports confirming
the preparation of pure c-GaN, mostly, as thin films'® or poly-
crystalline products from autoclave syntheses®' whereas under
moderate conditions the c-GaN is often accompanied by the
stable h-GaN in physical mixtures of the polytypes but, also, via
stacking faults in multidomain nanostructures.?® All this points
out to, merely, a complementary role of thermodynamics in
controlling GaN polytype formation in many precursor systems
and is well exemplified by the diverse phase mixtures of the
nitride formed in the systems of GaAs/NH; and GaSb/NHj.

One could suppose that under appropriate conditions the P-
centers in the cubic GaP would be suitably replaced with the N-
centers from ammonia decomposition preserving the cubic
lattice, first, in the form of transient c-GaPN and, eventually,
producing the metastable c-GaN. Such a transitional conversion
of c-GaP to c-GaN via a gradually collapsing cubic lattice is
appealing since their respective a lattice constants, 5.45 and
4.50 A, differ significantly to favor up front the lattice type
preservation. It is appropriate to recall again that the
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metathetical N-center mediated replacement was effective to
varying degrees in the systems GaAs/NH; and GaSb/NHj;.
However, if thermodynamics prevails the stable h-GaN will be
formed, instead.”* As already mentioned, the latter scenario is
likely to take place if GaP is preferentially decomposed to
elements before metathetically reacting with NH; and the
resulting liquid gallium is then nitrided towards GaN. However,
a plausible competing sublimation of GaP can open another
pathway to GaP + NH; reactions in the gas phase with specific
product morphologies nevertheless with thermodynamically
driven formation of the exclusive hexagonal polytype of GaN.
From this viewpoint, other factors kept in proportion, the grain/
surface size of the powdered GaP precursor can be expected to
greatly impact product morphology.

3.2. Discussion of characterization data

Fig. 1 shows three particle size distribution curves — one for
manually ground and two for high energy ball milled GaP, the
latter including the dry and wet milling conditions. An
approximately trimodal size distribution characteristics of all
curves is apparent with the upper ca. 100-200 pm particle size
limit. Each size mode differs from neighboring by, roughly, one
order of magnitude. For manual grinding, the most abundant
particle size range is around 100 pm and this quite a narrow
mode becomes weaker for dry ball milling and persists as
residual for wet ball milling. The second and broader mode
encompasses particles peaking in the 10-20 um size range. The
third and equally broad mode is located in the 0.5-0.8 um size
range. This mode is only residual for the manually ground GaP
but dominates in the wet ball milled GaP. It is worth noticing
the distinctly different character of the distribution curves for
the two ways of ball milling with wet milling providing on
average much smaller and more size homogeneous particles.
Although not obvious from the curves which have, practically,
the particle size range limits of 0.1-2000 pm, ball milling causes
a noticeable amorphization of crystallites in the low nanosized
range as detected by XRD (vide infra). Also, it is typical for dry
ball milling to result in small quantities of surface-pulverized
tungsten carbide WC from grinding balls. In order to remedy
this problem, a wet ball milling is applied whereas in the
presence of a suitable liquid the attrition is usually minimized
beyond detection. However, for very hard materials this may not
work efficiently. In our experience, the wet ball milling of
gallium antimonide meets fully the expectations (close to
monomodal size distributions, small particle sizes, no WC
attrition)'* whereas gallium phosphide appears to be much
harder (trimodal size distributions, larger particle sizes) and
some WC wear off is expected.

The selected representative XRD patterns for nanopowders
are shown in Fig. 2-4 and the calculated structural parameters,
relative amounts of phases, and average particle sizes for all
measured samples are included in Table 1.

The manually ground GaP shows a XRD pattern matching
the reference data for bulk GaP (JCPDS no. 12-0191) (Fig. 2). The
pattern for the dry ball milled phosphide is visibly broadened
indicating a degree of sample amorphization. Actually, the
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Fig. 1 Particle size distribution curves of ground GaP: top — manually
ground, middle — dry ball milled, bottom — wet ball milled.

pattern can be satisfactorily deconvoluted by assuming, in
addition to the major microcrystalline component, two formal
particle size fractions in the low nanometer range, 9 and 31 nm
(Table 1). The dry milling results also in a small content of the
grinding ball-originated WC component. There is no doubt that
ball milling yielded a substrate powder with an increased
surface area compared with manual grinding.

The XRD pattern for the powder from the 850 °C, 90 h-
conversion of the manually ground GaP supports only
a partial nitridation with ca. 26% of h-GaN (JCPDS no. 50-0792)
and the remaining of unreacted GaP, the latter with much
smaller average crystallite sizes than the starting substrate
(Fig. 3, left). No other phases are detected. The average crys-
tallite size D for h-GaN is estimated at 18 nm. A typical pattern
for a completely nitrided sample is shown for the 900 °C, 60 h-
conversion in Fig. 3, right. The only crystalline component is
satisfactorily indexed as h-GaN with D equal 19 nm. For all other
nanopowders prepared from the manually ground GaP similar
XRD patterns were recorded and the calculated parameters for
the exclusive h-GaN product are included in Table 1. For well
crystalline samples, additionally, crystallite sizes D along the
low angle plane directions in h-GaN, i.e., (100), (002), (101), were
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Tablel Amounts and structural parameters of reference and product powders. MG — manual grinding, DBM — dry ball milling, WBM — wet ball

milling, n/d — not determined

Powder (temperature,

Lattice parameters Av. crystallite

time/grinding) Phase, content [%] a[Al, c[A] size D (range of D) [nm]
Reference GaP/MG c-GaP, 100 a = 5.45 >200
Reference GaP/DBM c-GaP small, 60 a=5.45 9
c-GaP large, 35 a=5.46 31
WG, 5 n/d n/d
800 °C, 90 h/MG c-GaP, 86 a = 5.45 56
h-GaN, 14 a=3.14 18
¢=15.12
850 °C, 90 h/MG c-GaPb, 74 a = 5.45 86
h-GaN, 26 a=3.14 22
¢=5.10
850 °C, 150 h/DBM c-GaP, 27 a = 5.45 49
h-GaN, 67 a=3.15 13
¢=>5.14
h-WC, 6 n/d n/d
900 °C, 36 h/MG c-GaP, 3 a = 5.46 47
h-GaN, 97 a=3.15 10 (9-11)
¢=5.15
900 °C, 60 h/MG h-GaN, 100 a=3.16 13 (12715)
¢=5.15
900 °C, 90 h/MG h-GaN, 100 a=318 19 (19-20)
¢=5.18
900 °C, 36 h/DBM h-GaN, 94 a=3.17 16 (15-16)
¢c=5.17
h-WC, 6 n/d n/d
1000 °C, 36 h/MG h-GaN, 100 a=3.18 25 (24-26)
¢=25.18
1000 °C, 6 h/WBM h-GaN, 100 a=3.19 21 (16-25)
¢=5.19
1000 °C, 36 h/WBM h-GaN, 99.7 a=3.18 24 (17-29)
¢=15.18
W;5N,, 0.2 n/d n/d
W, 0.1 n/d n/d
1100 °C, 36 h/MG h-GaN, 100 a=3.19 48 (23-70)
¢=15.18
1100 °C, 6 h/WBM h-GaN, 99 a=3.19 41 (26-50)
¢=5.19
W;5N,, 0.8 n/d n/d
W, 0.2 n/d n/d
1100 °C, 36 h/WBM h-GaN, 98.3 a=3.19 53 (47-62)
¢=5.19
W;3N,, 1.5 n/d n/d
W, 0.2 n/d n/d
1150 °C, 6 h/MG h-GaN, 100 a=319 40
¢=5.19

1200 °C, 12 h/MG Empty crucible - no product

calculated and shown as a range of D of which spread can be
linked to preferential crystal growth/crystal texturing.

Fig. 4 includes typical XRD patterns for nanopowders made
from the ball milled GaP. In addition to the major h-GaN
product, traces of contaminant c¢-W;N, (JCPDS 75-1002) and
elemental o-W (JCPDS 4-806) are also detected. Their occur-
rence can be explained by nitridation of the initially present WC
with ammonia reported to take place above 900 °C; the resulting
tungsten nitride is accompanied by elemental tungsten from
nitride's decomposition under such conditions.*

106132 | RSC Adv., 2015, 5, 106128-106140

The content of Table 1 confirms the h-GaN as the only
crystalline gallium nitride polytype formed under a broad range
of applied conditions, i.e., in the range 800-1150 °C and for all
three ways of grinding. Complete nitridation was achieved after
suitable reaction times at 900 °C and above whereas at 1200 °C/
12 h no product was made due to GaN thermal instability
(empty crucible). The average crystallite sizes ranged from 10 to
a few tens of nanometers. For the highest nitridation temper-
atures, some crystallite texturing was evident as supported by
varying D-values for different planes. The manually ground GaP
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Fig. 2 XRD patterns for reference GaP substrates: left — manually
ground, right — dry ball milled. Diffraction lines for adventitious
hexagonal WC are shown with solid circles.
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Fig. 3 Representative XRD patterns for GaN nanopowders prepared
from manually ground GaP: left — 850 °C, 90 h; right — 900 °C, 60 h.
GaP - solid triangles. Unmarked peaks are for h-GaN.
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Fig. 4 Representative XRD patterns for GaN nanopowders prepared
from wet ball milled GaP: left — 1000 °C, 36 h; right — 1100 °C, 36 h.
W3N,4 — solid diamonds, elemental a-W - solid squares. Unmarked
peaks are for h-GaN.

afforded pure h-GaN powders whereas the ball milled GaP
contained also small quantities of grinding ball-related impu-
rities, i.e., WC for temperatures <900 °C and W;3N,/W for
temperatures >900 °C, independent on dry or wet milling
conditions.

The representative SEM images of the manually ground
reference GaP and the resulting GaN nanopowders are included
in Fig. 5 in A and B, respectively. In the top row of B, the images
for the 850 °C, 90 h-nitridation product are shown. Based on
XRD data, this powder is composed of 26% of h-GaN and 74%
of wunreacted GaP supporting an incomplete whereas
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Fig. 5 SEM images of manually ground GaP and resulting GaN
nanopowders: (A) — pure GaP; (B) — nitridation products: top row —
850 °C, 90 h; middle row — 1000 °C, 36 h; bottom row — 1100 °C, 36 h.

noticeable nitridation. Formation of thin-walled hollow spheres
is consistent with progressing nitridation, likely, via reactions
with NH; of molten Ga droplets from GaP decomposition. The
images in the middle and bottom rows of B for complete
nitridation support, again, an intermediate droplet formation
by showing spheroidal hollow features/agglomerates with
weakly bonded walls made of smaller nanocrystallites. It is
instructive to compare particle size/shape evolution when going
from the large microcrystalline pieces of ground GaP (A) to thin-
walled hollow spheres of GaN in the partially nitrided product
(B, top) to slightly agglomerated nonetheless regularly shaped
GaN nanocrystallites from complete nitridation at the highest
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Fig. 6 SEM images of GaN nanopowders prepared from wet ball milled GaP: upper row — 1000 °C, 36 h; lower row — 1100 °C, 36 h.

temperature (B, bottom). It is to be noted that the observed
grains are not necessarily crystallites but they rather represent
crystallite agglomerates/aggregates or mixtures of the two types
of particles.”

Distinctly different particle morphologies are displayed by
GaN nanopowders made from the wet ball milled precursor,
which are shown in Fig. 6. The 1000 °C, 36 h-powder is a mixture
of several micrometer long tubercular nanowires with diame-
ters of a few tens of nanometers and agglomerated lumps of
quite regularly shaped nanoparticles with similar sizes (Fig. 6,
upper row). The nanowires are manifestation of gas phase
reactions possibly starting with sublimation of some GaP fol-
lowed by reactions of the vapors with ammonia along the
GaP + NH; pathway. The sublimation of the ball milled
precursor is thought to be quite feasible and relatively efficient
due to increased particle surface areas. A closer inspection of
the middle image in the upper row shows that the numerous
nanowires/nanorods tend to grow from nanoparticle seeds
forming the lump. Consistently, the diameters of the nanowires
are of the same dimension as the diameters of the nano-
particles. The origin of the regularly shaped and agglomerated
particles in the lump could be linked to the decomposition of
GaP with formation of gallium droplets that underwent nitri-
dation along the Ga + NH; pathway. The liquid gallium seeds
could have initiated growth of GaN nanowires fueled by the gas
phase reactions as outlined above. One cannot exclude in
nanowire growth, though, a catalytic effect of the contaminant
tungsten in the ball milled materials. It needs to be stressed
that all those samples showing by XRD some tungsten nitride
and elemental tungsten (Table 1) did not show any tungsten in
their SEM/EDX spectra acquired for many random areas and
morphologies. This might mean that the scarce tungsten
contaminant might have been just so finely distributed, such as
in the tips of GaN nanorods, that was below detection limits of
the EDX determinations. In this regard, the presence of metal

106134 | RSC Adv., 2015, 5, 106128-106140

catalyst nanodroplets is frequently invoked in explaining 1D
structures grown via the vapor-liquid-solid mechanism.

The 1100 °C, 36 h-powder has a distinctly different
morphology compared with the lower temperature counterpart
discussed above (Fig. 6, lower row). Most of it is made of large
blocky crystallites whereas much smaller particle agglomerates
and occasional thick rods are the minor features. Somewhat
disappointedly, SEM/EDX shows no tungsten in any of the areas
with various morphologies whereas XRD supports traces of
tungsten nitride and elemental tungsten (vide supra). The
presence of the minor fine habit is likely remnant of the similar
habit seen as abundant in the 1000 °C, 36-powder, which
apparently undergoes efficient recrystallization upon treatment
at the higher temperature of 1100 °C. It is to recall that GaN
nanopowder decomposition gradually wins the competition
with recrystallization/crystal growth at 1000-1100 °C and
higher.**

The UV-vis spectra determined for selected nanopowders
also support the presence of hexagonal gallium nitride. The
optical spectra (absorbance vs. wavelength) for a selected set of
the 1000 °C and 1100 °C-nitrided samples are shown in Fig. 7
together with the Kubelka-Munk transformations, the latter
enabling calculations of specific electronic transitions that are
listed in Table 2. For gallium nitride materials, E,1 below ca. 3.0
eV corresponds likely to band tail transitions linked to various
impurities, disorder, and defects and E,2 is related to the
material's energy bandgap.” It is interesting to note that for
bulk h-GaN, the bandgap transitions are expected at around
E,2(I) equal to 3.4 eV whereas a shift to higher energies (blue
shift) is expected for nanocrystallites with sizes below Bohr
radius quoted to be in the range 3-11 nm.* The E,2(II) values at
ca. 3.6-3.7 €V could be a manifestation of such a blue shift since
the three nanopowders that display them may each contain
a small crystallite fraction with sizes below 11 nm (Table 2). This
can be estimated for two of them directly from the enclosed

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Examples of UV-vis spectra of GaN from nitridation of ground GaP under indicated conditions. MG — manually ground, WBM — wet ball
milled. The left panel shows original absorbance spectra whereas the right panel includes derived Kubelka—Munk functions.

Table 2 UV-vis derived Eg values of GaN nanopowders. MG — manual
grinding, WBM — wet ball milling

Nitridation Grinding E,1 [eV] Eg2(I) [eV] Ex2(11) [eV]
1000 °C, 36 h MG 2.90 3.33 3.59

1000 °C, 36 h WBM 2.59 3.40 3.60

1000 °C, 6 h WBM 3.00 3.36 3.69

1100 °C, 6 h WBM 2.40 3.45 —

SEM pictures, i.e., 1000 °C, 36 h, MG (Fig. 5) and 1000 °C, 36 h,
WBM (Fig. 6). It is also evident that these two h-GaN samples
that were made under identical conditions but from differently

This journal is © The Royal Society of Chemistry 2015

ground GaP, differ also in their spectra stressing the underlying
range of fine structural properties. In general terms, based on
the UV-vis spectra the intrinsic nature of the completely
nitrided samples appears to be quite diverse despite the
matching XRD structures. This aspect will further be elaborated
by the Raman and NMR studies.

Raman spectroscopy provides yet another insight into
intrinsic structural properties of the nanopowders as a method
being sensitive to chemical composition (purity), crystalline
polytypes, and lattice defects/vacancies.”® The micro-Raman
spectra for selected samples are shown in Fig. 8 and the
major peaks are listed in Table 3. For two samples from wet ball
milling, D and E, that showed very strong luminescence, the
spectra were acquired using a different laser source which

RSC Adv., 2015, 5, 106128-106140 | 106135


http://dx.doi.org/10.1039/c5ra23144b

Published on 03 December 2015. Downloaded by Biblioteka Glowna AGH on 14/12/2015 14:33:10.

RSC Advances

s

100 200 300 400 500 600 700 800
Raman Shift [cm™]

Fig. 8 Raman spectra of GaN nanopowders from nitridation of
microcrystalline GaP. From top to bottom: (A) — 1000 °C, 36 h/MG; (B)
-1100°C, 36 h/MG; (C) — 900 °C, 36 h/DBM; (D) — 1000 °C, 6 h/WBM;
(E) = 1100 °C, 6 h/WBM. MG — manual grinding, DBM — dry ball milling,
WBM — wet ball milling.

resulted in a narrower spectral range than otherwise recorded
(see, Experimental). A precise origin of the non-specific emis-
sion is unknown but it could likely be linked to the W;N,/W
impurities present in the two powders. All spectra were subjected
to best-fitting deconvolution that yielded the peaks positions. In
some cases of severe peak overlapping coupled with low inten-
sities, e.g., in the range of 400 cm ™" and close to or above 700
em ™', the deconvolution might not have substantiated some
weak and broad peaks that still could be present.

All phonon modes expected for hexagonal GaN, i.e., A;(TO),
A;(LO), E4(LO), E4(TO), Ey(low), and E,(high) are present in all
spectra with the strongest mode of E,(high) at 567-570 cm ™.
The width of this mode can be used to analyze GaN lattice
defects whereas the peak shift can be used to monitor residual
stress in GaN thin films.> This peak is notably broadened for
samples C and D implying structural inhomogeneities. In C,
this is likely associated with low crystallinity/low nanosized
particle range via a phonon confinement effect®** whereas in D
this can be due to two distinct morphologies (nanowires and
lumps of regularly shaped nanocrystallites). A somewhat unex-
pected feature in all spectra is the presence of two weak and
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broad peaks at ca. 300-360 cm ™" and ca. 410-480 cm ™' some of
which are deconvoluted into two components. Literature
interpretation of the peak above 300 cm ™" has involved either
a lower symmetry activation of the otherwise silent B,(low)
mode in h-GaN**/ or its assignment to the host lattice vibra-
tional states>® whereas the peak around 440 cm ' has been
proposed to result from nitrogen vacancy-related defects.”** It is
appropriate to mention that another weak peak at 646-670
cm ' was also attributed to nitrogen defects?*»%¢ although
B, (high) activated mode was proposed as well.>¥ Generally, the
presence of the lattice-defect related peaks conforms well with
the UV-vis results and "'Ga MAS NMR data and the broad N-
deficient phase peaks there (vide infra).

The spectra for the two samples made from the manually
ground precursor, A and B, are remarkably similar to each other
despite different synthesis temperatures and clearly differ from
the remaining spectra, which stresses the importance of
precursor grinding in GaN lattice evolution and quality. The
peaks above ca. 800 cm™ ' in samples C-E are tentatively
assigned to tungsten-originated impurities. In this regard, the
peak in C at 796 cm ™ (1) is in the region of W-C stretches in WC
as determined by Raman spectroscopy.”** The weak peaks (II)
above 800 cm ™' in D and E could be linked to W-N stretches in
the tungsten nitride impurity which is supported by the related
W-C and W-O stretches?*” as well as by W-N stretches in some
tungsten organometallic derivatives all seen in this region.>*

A further insight into structural details of the nanopowders
was gained with the solid state "*Ga MAS NMR spectroscopy. The
spectra of selected GaN nanopowders are shown in Fig. 9 and the
peak positions are summarized in Table 4. We want to recall from
our earlier NMR studies that hexagonal GaN may have two
distinct gallium resonances, i.e., at ca. 325-330 ppm and ca. 415-
440 ppm.***” The former peak is relatively sharp and corre-
sponds to good uniformity of the short range structural order in
well crystallized h-GaN whereas the latter lower field peak is
significantly broadened. From the controversial literature data,
the lower field peak has been assigned by some researchers either
to a postulated N-deficient phase of GaN;_, (0 < x < 1)*® or from
a different angle, alternatively, to a Knight shift due to the pres-
ence of conduction electrons in the semiconductor.” In our
earlier studies, we observed an increased intensity of the lower
field peak at the expense of the higher field peak for h-GaN
nanopowders that were annealed at higher temperatures than
the synthesis temperature. In our opinion, the temperature/time-
induced nanopowder recrystallization, although results by XRD
criteria in better crystallinity may, at the same time, introduce
specific crystal defects including native N-defect formation and/
or impurity oxygen incorporation into the regrown lattices.

The NMR spectra for the manually ground and wet ball
milled reference GaP show a single resonance at 307 ppm in
both cases (Fig. 9, left panel) agreeing well with literature data.*®
The set of spinning side bands is an artefact of the 6 kHz probe
spinning. The spectrum for the manually ground sample is
sharp and quite symmetrical indicating no significant second
order quadrupolar interactions, which is expected for the cubic
lattice of GaP. The spectrum for the wet ball milled sample is
clearly broader and asymmetrical and this can indirectly be

This journal is © The Royal Society of Chemistry 2015
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Table 3 Positions of deconvoluted peaks in micro-Raman scattering determinations for GaN nanopowders. Labels A—E are the same as in Fig. 8.

MG - manual grinding, DBM — dry ball milling, WBM - wet ball milling

Raman shift [em ]

MG DBM WBM
1000 °C, 36 h 1100 °C, 36 h 900 °C, 36 h 1000 °C, 6 h 1100 °C, 6 h
Mode assignment A B C D E
E,(low)*>*¢ 143 143 —
Zone boundary,zsa WC impurity 260
B1(low) silent,zse’flattice vibrations>* 360 357 304
348
N-vacancies,”” zone boundary*** 418 426 413 411 467
482
A,(TO)*>*4 536 537 540 — 530
E,(LO)*** 560 560 562 — 559
E,(high)*** 568 567 — 570 567
600 598
B, (high) silent,?¥ defect induced vacancies,?**®¢ 659 650 670 646 651
free carriers®
A4(LO), E,(TO)*> 730 729 714 735 733
765 768
WC ()% W;N, (I1)2°7¢ 796 (I) 844 (10) 835 (10)

accounted for by some degree of material amorphization upon
milling associated with increased particle surface area - the
surface atoms are under a different and lower symmetry

6kHz 8kHz

reference GaP/MG / 1000°C_6h/WBM
_*_x_J e
reference GaP/WBM f\ 1000°C_36h/WBM
* X L \.—L—
850°C_150n/DBM ;
- H H 1100°C_6h/WBM
N ] LTSN oo
450 350 250 150 450 350 250 150

ppm from Ga(NO;), ppm from Ga(NO;),

i3

Fig. 9 Solid state "*Ga MAS NMR spectra of GaP (reference) and GaN
nanopowders from nitridation of GaP. MG — manually ground, DBM —
dry mall milled, WBM — wet ball milled. Left panel — 6 kHz probe
spinning rate, right panel — 8 kHz probe spinning rate. Asterisks indi-
cate spinning side bands.

Table 4 7 Ga MAS NMR peak positions for selected nanopowders. MG
— manual grinding, DBM - dry ball milling, WBM - wet ball milling

High field peak Low field peak

Nitridation Grinding [ppm] [ppm]
850 °C, 150 h DBM 325 —
1000 °C, 6 h WBM 326 415
1000 °C, 36 h WBM 326 415
1100 °C, 6 h WBM 328 430

This journal is © The Royal Society of Chemistry 2015

environment than in bulk and, thus, quadrupolar interactions
may come to play.

The spectrum for the 850 °C, 150 h-sample confirms only
partial nitridation, as substantiated also by XRD, and shows the
prevailing peak at 307 ppm for unreacted GaP. The much
weaker peak at ca. 325 ppm corresponds well with the expected
high field peak for h-GaN while a potential low field peak at ca.
415 ppm is either too weak to be discernible or absent at all. It is
worth to note that there is no evidence for any other peak, any
other Ga-bearing species such as a mixed pnictide GaPN. All
spectra for the completely nitrided materials have both peaks
expected for h-GaN (Fig. 9, right panel).

When comparing the data for the powders made at 1000 °C,
6 h and 1000 °C, 36 h it is apparent that they have virtually the
same features, namely, the prevailing high field resonance at
326 ppm and the weaker and much broader resonance at 415
ppm. It means that the extension of conversion time from 6 to
36 hours at the same temperature was insignificant from the
point of view of the nitride's close range order features. The long
range order probed by XRD for these two samples is very much
alike, too, as judged by both the cell parameters and average
crystallite sizes (Table 1). Also, the general appearance of the
UV-vis spectra for these samples is similar and the derived
bandgap values Ey2(I) and E,2(II) are very close to each other
whereas there is some difference in the band tail transitions at
energies lower than 3 eV (Fig. 7, Table 2). Since the latter are
linked to some specific lattice disorder and defects, the differ-
ence reflects the impact of nitridation time on this property.

A significant change in the NMR spectra takes place upon
increasing the nitridation temperature from 1000 to 1100 °C,

RSC Adv., 2015, 5, 106128-106140 | 106137


http://dx.doi.org/10.1039/c5ra23144b

Published on 03 December 2015. Downloaded by Biblioteka Glowna AGH on 14/12/2015 14:33:10.

RSC Advances

ball

milling AT

—> —_—

sublimation
c-GaP
aT
manual decomposition
grinding Ga melting

GaPuoy + NH, —————>

Gay, + NH; —>

View Article Online

Paper

h-GaN _
nanowires

h-GaN

c-GaP
liquid Ga

}

h-GaN
agglomerate

Fig. 10 Ammonolytical nitridation of microcrystalline particles of c-GaP to nanocrystalline particles of h-GaN of various habits.

which is clearly seen when comparing two spectra for the rele-
vant powders after the 6 h-nitridation time (Fig. 9, right panel).
The broad peak at ca. 430 ppm becomes predominant pointing
out to a prevailingly “defected” short range order in this powder.
This temperature effect is consistent with what we observed for
numerous GaN nanopowders in our previous studies®#**” as well
with the outcome for the system GaSb/NH; ' when annealing
under NH; at higher temperatures resulted in relatively higher
intensities of the 430 ppm peak. On the one hand, higher
nitridation/annealing temperatures usually yield better crystal-
linity by XRD (mainly, due to recrystallization/crystal growth)
but, on the other hand, this is accompanied by higher N-native
and/or impurity oxygen defect proportions.

It is evident that only the combination of various methods
such as XRD diffractometry and UV-vis, Raman, and NMR
spectroscopies can provide a comprehensive description of the
nanopowder structures with diverse intrinsic properties. A
challenging task is still ahead to correlate the methods various
information/parameters with definite structural details. In this
regard, the application of high resolution TEM may in favorable
cases be useful but such an approach was outside the scope of
this project. In the domain of research on gallium nitride,
undoubtedly, there is also an urgent need for developing
sensitive analytical methods for unequivocal determination of
structural defects including N-native defects and O-impurities.

3.3. Pathways in ammonolysis of microcrystalline GaSb

A conceptual picture that emerges from this study is consistent
with a characteristic reactivity pattern in the ammonolysis of
bulk microcrystalline GaP, which includes two distinct pathways
both resulting in nanopowders of the thermodynamically stable
hexagonal GaN. Depending on circumstances, one pathway
seems to lead to h-GaN via ammonolysis of molten Ga droplets
from decomposed GaP whereas another involves gas phase

106138 | RSC Adv., 2015, 5, 106128-106140

ammonolysis reactions of sublimed GaP species. The first
pathway is specific for relatively large GaP particles such as those
from manual grinding whereas the second pathway is activated
for much finer GaP particles with increased surface area from
ball milling. Fig. 10 illustrates the proposed sequence of major
events for both pathways supported by the experimental data.

Specifically, the data confirm the exclusive formation of h-GaN
and, therefore, point out to a negligible role of a transient cubic
GaPN and its potential conversion to c-GaN in contrast to the
related systems of GaAs/NH; and GaSb/NH;. In the initial nitri-
dation stages at sufficiently high temperatures of 900-1150 °C
and for large particles, it is rather the thermally driven decom-
position of GaP winning the competition against sublimation
and resulting first in thin liquid gallium layers on substrate
particles. Then, the in statu nascendi gallium efficiently reacts
with ammonia towards the stable h-GaN along Gajjq + NH; —
GaN + 3/2H,. For much smaller particles with increased surface
area the GaP sublimation prevails creating advantageous condi-
tions for gas phase reactions summarized by GaP,, + NH; —
GaN + PH; with the predominant formation of h-GaN nanowires/
nanorods. A detailed mechanism of nanowire formation may
involve catalytic action of adventitious tungsten species from
milling ball attrition. This aspect requires suitably focused
further studies which are beyond the scope of the current project.
Also, it appears that the overall long nitridation times in the
studied temperature range, especially at 900 °C, are determined
rather by a relatively slow decomposition and sublimation of GaP
than by the by-products volatility/removal.

4. Conclusions

The ammonolytical nitridation of GaP is a convenient way for
a one-stage preparation of hexagonal GaN nanopowders of high
purity, very good crystallinity, and diverse morphologies

This journal is © The Royal Society of Chemistry 2015
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including the regularly shaped particles and/or 1D nanowire/
nanorod structures. The exclusive formation of the stable h-
GaN polytype under a wide range of experimental conditions
and the substrate's particle sizes points out to reaction path-
ways favoring the thermodynamically determined product.
These pathways are proposed to include reactions of ammonia
with metallic Ga from GaP decomposition or with sublimed GaP
species. The potential topochemically-controlled pnitide-
metathesis reaction via substitution of P-centers in the cubic
GaP with N-centers from ammonia, which could yield the
metastable cubic GaN, is not detected at all. This is in contrast
to the related systems of GaAs/NH; and GaSb/NH; where both
GaN polytypes were shown to form under comparable condi-
tions. The ammonolysis of GaP, combined with the previously
published studies on the two related systems, enables now
control over making a wide range of GaN polytype mixtures
including a pure hexagonal variety, average particle sizes,
morphologies, and structural integrity. A challenging question
remains open, however, as to tuning any of these systems to
make pure cubic GaN.
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