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Gallium nitride bulk crystal growth processes: A review
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Abstract

Optoelectrical and microelectronic devices involving gallium nitride have become a challenge but their
development is limited because of a lack of suitable substrates. This paper deals with the crystal growth of gallium
nitride, the processes leading to GaN bulk crystals being significantly expanded during the last decade (the ones
mvolving GaN thin films or nanocrystallites are not studied in this review). The main reviewed routes are: (1) the high

pressure nitrogen solution growth (HP.N.S.G.), (ii) the Na flux method, and (iii) the ammonothermal crystal growth.
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1. Introduction

Wide band gap semiconductors such as gallium nitride present a large interest for many
applications in opto- and microelectronic [1,2]:

- white or color light emitting diodes (LEDs) for color displays or street lighting,
- blue or violet laser diodes (LDs) for laser printing or optical storage of data,

- UV detectors for identification or guidance of missiles,

- high power-high frequency transistors for radars or communication.

The currently available devices use GaN deposited by epitaxy on different substrates (reviewed in
[3]) because of the lack of GaN substrates. The resulting thin films exhibit large defects concentrations
due, in particular, to the difference of thermal expansion coefficient between such substrates and GaN.
Then only devices mentioned above are available: LEDs since 1995 and LDs more recently. The others
need some improvements of GaN films quality before any commercialization. Homoepitaxy could
solve this difficulty as underlined in various studies [4—8]; thus, the elaboration of GaN single crystals
has been the challenge of many research works during these last 20 years.

Due to the high covalency of GaN [binding energy of the gallium nitrogen bond E =~ 9.12 eV/
atom] the decomposition pressure (P,;) at the melting point (T ~ 2500 °C, Van Vechten [9]) is
extremely high (Py ~ 4.5 GPa, Karpinski et al. [10]). For pressure values below Py, gallium nitride
does not melt and thus decomposes. At atmospheric pressure for example, gallium nitride is stable
until 1200 K and it can be stabilized at higher temperature by enhanced pressures [10]. Consequently,
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in such a case, the standard techniques of crystal growth generally used for the elaboration of
semiconductor wafers (Bridgman, Czochralski, Verneuil) cannot be developed. The congruent melting
of gallium nitride has only been achieved very recently by Utsumi et al. [11]. This technique does not
lead presently to large crystals (<100 pm), the experimental conditions (6 GPa, 2200 °C) being a
limiting technical development for developing a production.

Due to the gallium nitride decomposition, only few methods have been developed for preparing
GaN bulk crystals.

(i) The larger GaN crystals (platelets with a surface exceeding now 100 mmz} have been elaborated
through the high pressure nitrogen solution growth (H.P.N.S.G.), developed since 15 years at
Warsaw (Poland) [Porowski [12]]. High nitrogen pressure and high temperature conditions (1—
2 GPa, 1400-1500 “C) are then required for the conversion of metallic gallium in gallium nitride.

(i1) The Na flux method has been introduced at Sendai (Japan) in the middle of the 1990’s by Shimada
and co-workers [13] and leads to smaller GaN ecrystals than HP.N.S.G. Lower pressure and
temperature conditions (5—-10 MPa, 700-800 "C) are used, sodium acting as a catalyst for the
dissociation of nitrogen molecules.

(iii) Lastly, the ammonothermal crystal growth (solvothermal process using NHj as solvent) has not
allowed the preparation of large GaN crystals yet but seems to be a promising technique for the
preparation of erystals with appropriate size and crystalline quality. Gallium nitride being almost
insoluble in ammonia, mineralizers such as the mixture [KI + KNH] or more recently KN; have
been used by Kolis et al. [14,15].

2. The high pressure nitrogen solution growth process
2.1. First research works involving H.P.N.S.G. process

The HP.N.S.G. originates from research works realized by Karpiniski et al. [16,17] in the early
1980s about gallium nitride stability up to 2300 °C and 6 GPa. Its aim was to specify the work of
Madar et al. [18] carried out in the middle of the 1970s which was limited to 1200 °C and 0.8 GPa.
Gallium nitride bulk crystals which size could reach 1 mm were elaborated in vapor phase at 1200 “"C
and 0.8 GPa. The nitrogen solubility in gallium was small (about 0.01%) in these conditions of
pressure and temperature explaining the very low growth rate observed (1 pm day " [16]. Moreover,
this study drew up the nitrogen (N-) equilibrium pressure over GaN versus temperature (~1 MPa at
1000 °C, ~2 GPa at 1700 °C or ~4 GPa at 2300 °C) [17].

As proposed by Van Vechten [9], the melting temperature was over 2300 °C at 6 GPa.
Furthermore, a great difference between the experimental values and the calculated ones, for an
ideal gas, were observed. For instance, the nitrogen equilibrium pressure over GaN at 1700 “C was
only 2 GPa whereas it should be 6.5 GPa for an ideal gas. The effect of the nitrogen non-ideality was
not detected by Madar et al. due to the limited P, 7" experimental domain [18]. Since pressure and
temperature about 2 GPa and 1700 °C could be carried out experimentally, this experimental
conditions could help the crystal growth of GaN [17]. Moreover, the solubility of nitrogen in liquid
gallium was evaluated to 1% at 1500 “C and 1.6 GPa during GaN crystal growth through vapor phase
[17]. The growth rate of GaN layers (on a sapphire substrate) was then increased to about
1-10 pm h ™.

In 1991, Grzegory et al. [19] studied the solubility of nitrogen in liquid gallium versus pressure
and temperature. This solubility was improved with pressure and temperature, from ~0.01% at
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~300 MPa and ~1600 “C to ~0.5% at ~1.45 GPa and ~1850 “C for instance. The extrapolation of
the solubility curve versus temperature to a nitrogen molar fraction of 0.5 (corresponding to GaN)
shows that the melting temperature is about 2500 K, which is in reasonable good agreements with Van
Vechten’s calculation [9]. The high increase of the solubility with pressure and temperature implied
that high pressure synthesis processes could allow quite important growth rates.

2.2, Improvements of the HPN.S.G. process

2.2.1. Experimental device and crystal growth

High pressure—high temperature (HP-HT) route was then developed by Porowski and co-workers
[12,20-22]. The experiments were realized in a high pressure chamber containing a furnace of inside
diameter 14 mm (for temperatures up to 1500 “C) or 10 mm (for temperatures up to 1700 “C), with a
BN vessel partially filled with metallic gallinm. After heating in vacuum in order to eliminate oxygen,
the vessel was filled with pure nitrogen gas, compressed and heated. Temperatures were stabilized with
a minimum precision of 1°. The pressure was ranged from 0.8 to 1.7 GPa, the temperature from 1300
to 1700 °C, the thermal gradient AT between the top and the bottom of the vessel from 30 to 100 °C,
and the experimental duration from 5 to 24 h [10]. The resulting GaN crystals were separated from the
metallic gallium by a chemical treatment with boiling nitric acid [20].

2.2.2. Crystal growth mechanism

The crystallization mechanism was typically driven by solid diffusion [22] in which a GaN
polycrystalline film was firstly formed on the liquid gallium surface no seeds being introduced before
the experiments. Metallic gallium appeared to help the dissociation of the nitrogen molecule in atomic
nitrogen, leading to a lower potential barrier (3.5 eV) while the N, molecule bonding energy is 4.9 eV/
atom. Gallium nitride crystallites were then formed on the surface of the liquid gallium. These
crystallites were then dissolved in melt gallium and atomic nitrogen was transported toward the
coldest part of the solution. Nitrogen supersaturation was supplied by the thermal gradient, its
solubility decreasing with temperature (cf. Section 2.1). The more the gradient value was important,
the more the supersaturation was high. Moreover, there was no GaN nucleation within the solution,
even at high supersaturation values [23].

Crystals morphology depended on the experimental conditions: for conditions out of equilibrium
(the nitrogen pressure value being far from the determined equilibrium one [17]) hexagonal prism
shape (elongated along c-axis) was observed whereas for those close to equilibrium conditions
hexagonal plate shape (perpendicularly to ¢-axis) was resulting. Generally, the largest dimension was
along [1 01 0] and the smallest one along [1 12 0], the thickness being hundredth of the length [10]. For
high growth rate values (~1 mm h™ " in [10 T 0] direction), crystals had an unstable growth and present
skeletal, hollow or dendritic shape [22]. These high growth rates were obtained for the highest values
of nitrogen supersaturation in gallium solution. In particular, when the crystal size was reaching the
vessel one, a non-uniform distribution of nitrogen was observed. The layer-by-layer mechanism was
thus disturbed, inducing a bad crystalline quality through the formation of defaults in the erystal [12].

2.2.3. Properties of the resulting crystals

Bulk crystals obtained in equilibrium conditions were usually transparent with a light yellow
coloration and presented the wurtzite type structure [12,21]. Scanning tunneling microscopy (STM)
were realized on a hexagonal plate (2.5 mm x 2.5 mm) elaborated at 1 GPa and 1400 “C during 20 h.
The (000 1)g, face was smooth, ‘;vi[h steps between 20 and 40 A only while the (000 T)N one was
rough with pyramids of 100-300 A. Moreover, precipitates constituted of gallium were observed on

Page |3



the (000 1)y face. The (000 1)g, face was chemically active while the (000 T)g one was not. The
crystalline quality was evaluated by X-ray diffraction (XRD) [12]. The full width at half maximum
(FWHM) of the (000 4) peak, with Cu Ka source, was about 20-30 arcsec for crystals with size
below 1 mm and up to 40-50 arsec for larger crystal size (1-3 mm). This enlargement was associated
with a splitting of the peak attributed to low angle boundaries for GaN crystal. The theoretical FWHM
value was estimated about 12 arcsec for an ideal crystal [12].

Until the middle of the 1990s, the optimum size of the obtained crystals through this process was
limited to 4-6 mm. An increase of the vessel volume, associated to longer duration should allow an
increase of the crystal size up to 10 mm [22,24,25].

2.3. Optimizations of the HP.N.5.G. process

2.3.1. Experimental device and crystal growth

The most recent experiments were performed in a high pressure chamber with a large volume
(1500 cm?) and an internal diameter close to 30 mm using a BN crucible. The maximum pressure
value reached 2 GPa [26,27]. Temperature and pressure could be, respectively, adjusted with a
precision over 0.02 “C (in all the heating zones) and 1 MPa, respectively. The nitrogen supersaturation
in the gallium solution was generated by a thermal gradient AT with a value between 2 and
20 °C cm ™. Greater GaN bulk crystals were then elaborated, their size depending on the BN crucible
volume. They were transparent and colorless [26]. Grzegory et al. [28] proposed an hypothesis for the
limitation of the crystal size versus the BN crucible one. An increase of the experimental duration
beyond 150 h did not allow an enhancement of the crystal size. If the crystal was too large — for a given
vessel size — nitrogen transport was not fast enough to ensure, in the gallinm solution, a uniform
concentration corresponding to equilibrium, for the hot zone of the vessel. Moreover, the convection
movements in the crystallization zone could be reduced by the crystals formed into the solution. The
deposit conditions could then be changed for the rest of the solution [28].

2.3.2. Properties of the crystals elaborated through the optimized H.P.N.S.G. process

The resulting crystals were characterized by XRD. The FWHM of (0 0 0 4) peak, for a Cu Ko
source, was about 20-30 arcsec for crystals up to 3 mm (against 1 mm before) and up to 40-50 arcsec
for 12 mm ones. Their crystalline quality was evaluated more precisely with the determination of the
lattice parameters on the whole crystal volume [29]. For erystals exceeding 2 mm, the parameters a
and ¢ were slightly larger (0.01%) on the (0 0 0 1)g, face than on (000 1)y one. This difference
corresponded to a curvature of the plates, which radius was evaluated to 1.5 m. The parameters raise
was probably originating from a greater growth rate on N face, in Ga rich conditions, inducing an
increase of point defects (Ga antisites, N vacancies, Ga interstitials). The most probable point defects
in these crystals are gallinm vacancies due to their low formation energy even in gallium rich
crystallization conditions [30]. Their concentration was about 10'®cm ™, as shown by positron
annihilation. They were negatively charged and their concentration was correlated to the intensity of
the yellow luminescence (YL) in the photoluminescence spectra (PL). The PL spectra of GaN crystals
(non-intentionally doped) indeed exhibited a peak corresponding to the near band-edge emission at
~3.4 eV, as well as a strong broad band at 2.3 eV corresponding to YL [25]. The last one is usually
attributed to transitions between residual deep donor levels and deep acceptor levels at ~1 eV above
the valence band. As gallium vacancies induced a deep acceptor level at about 1.1 eV above the
valence band [30] they were probably generating the strong yellow band.

The grown-in extended defects in H.P.N.S.G. crystals were studied through various techniques:
X-ray projection topography [31], transmission electron microscopy (TEM), convergent beam
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electron diffraction (CBED) [32] and chemical etching [33]. X-ray topography measurements showed
that dislocations were perpendicular to the growing lattice plane [31] and CBED that there was neither
etch-channel nor extended dislocation along the c-axis in the plates [32]. Growth polarity direction
was playing a key rule in the formed defects and in the roughness of the surface. Theses techniques
could explain the value of the dislocations density: it did not exceed 2 x 10°cm 2 in crystals
elaborated through HPN.S.G. [31-33].

Non-intentionally doped crystals exhibited however a high n-type conductivity with a free
electron concentration of 5 x 10" ecm >, a resistivity about 10 °~10 2 Q cm and a mobility of
60 cm® V' 57! [27]. These electrons were probably originating from the oxygen atoms substituting
nitrogen. A high oxygen concentration (about 10"%-10" cm 3} was indeed evidenced through
secondary ion mass spectrometry (SIMS) characterizations. Moreover, unlike nitrogen, the dissocia-
tion of the oxygen molecule on the surface of the gallium solution is a process without energy barrier
that favors its incorporation into gallium nitride during the crystal growth [26].

Furthermore, infra-red reflectivity and micro-Raman scattering revealed a gradient of free
carriers concentration along c-axis in H.PN.S.G. undoped crystals [31]. The free electrons concen-
tration is always higher for the (0001)y face (10* cm?) than for the (000 1), one
(5 % 10" cm 3), Moreover, its evolution was not linear along c-axis but presented an abrupt change
from high to low electron concentrations. In order to explain this phenomenon, an hypothesis was
made about the crystal growth process: assuming that during the growth, oxygen impurities were
incorporated in the lattice, more in the [1 00 1] direction than in the [0 00 1] one. In the [1001]
direction, one oxygen atom is indeed linked to three gallium atoms, which is a more stable situation
than the bonding to only one gallium atom as in the [0 00 1] direction [34].

2.4. Elaboration of doped crystals through the H.P.N.S.G.

For p-doping, beryllium or magnesium were added (0.2-0.5%) to the metallic gallium before the
crystal growth [35]. The crystals doped with Be or Mg exhibited almost the same morphology that
non-doped ones, but their physical properties were obviously very different.

2.4.1. Magnesium doping

With magnesium doping, the thickness of the plates was slightly larger and the lattice parameters
were slightly smaller than these of undoped ones. Moreover, XRD studies showed that the (000 2)
FWHM was about 18-25 arcsec for almost all crystals, whatever their size, and that there was no
curvature as identified for non-doped crystals [36].

No gallium vacancy was detected through positron annihilation and the PL spectrum did not
contain the strong yellow band. Moreover, PL spectrum showed a large band (0.2 eV) centered at
3.1 eV ever encountered in Mg doped thin films: and originating from magnesium atoms substituting
gallium ones. At a concentration about 19" cm 3, lattice parameters decrease theoretically of 0.1%.
Magnesium impurities compensate residual donors and probably block their formation during crystal
growth. This low dislocation density determined through TEM (10 ¢cm %) and chemical etching (10—
100 cm 2) confirmed this evolution [37].

Incorporation of Mg impurities induced drastic decrease of free electrons concentration in
comparison with non-intentionally doped crystals: Mg doped crystals exhibited a resistivity about
10°-10° Q2 ¢m at 300 K. In some experiments, GaN:Mg crystals became p-type semiconductors, the
activation energy (between valence band and acceptor levels) being of the order of 150 meV at
temperature slightly over 300 K. Electric activation of Mg acceptor was then not very efficient, i.e. that
the valence band was containing a very low hole concentration [36].

Page |5



Electrical properties were studied versus annealing (between 300 and 750 “C) [38]. The proposed
model contained two defect levels: one was shallow and the other deep (respectively at 0.1 and 0.9 eV
from the valence band), these levels being compensated by shallow oxygen donors. The deep levels
should be responsible for the immobilization of the Fermi level into non-treated samples and at the
beginning of the annealing at low temperature. The Mg shallow acceptor levels (at 0.1 eV form the
valence band) should be created during the annealing at low temperature (in small amounts however)
and should become dominant. High temperature annealing processes could lead to an activation
barrier being twice at low temperature, which could cause the formation of a large number of deep
centers [38].

2.4.2. Beryllium doping

No change in the structure of the polar faces or in the thickness of the crystals was observed in
comparison with non-doped crystals [39]. The resistivity of these crystals could be up to 10° €} cm at
300 K. GaN:Be crystals were highly resistive, with an activation energy of 1.46 eV at temperatures
reaching 1000 K. With Be incorporation, there was thus a total elimination of free electrons
concentration noticed in non-intentionally doped crystals. The holes induced by the beryllium
(acceptor) were indeed compensating the electrons from the oxygen (donor). Their properties were
not depending on the annealing. PL spectra were dominated by a very strong yellow band as the
crystals presented a high concentration of Ga vacancies (10'® cm ) [40]. In order to explain this
behavior, the hypothesis was that GaN:Be crystals were p-type throughout their growth, Be atoms
occupying interstitial positions in GaN lattice. During the cooling, Be atoms diffused towards the Ga
vacancies [39].

2.5. Crystal growth from seeds according to the H.PN.S.G. process

2.5.1. Crystal growth using GaN based seeds

The first experiments of crystal growth from seeds were realized through H.PN.S.G. [40.41]. Two
crystallographic directions were investigated: one corresponding to the smallest growth rate ([0 0 0 1])
and the other leading to the highest one ([1 120]).

Crystal growth from Mg-doped seeds on the (0 00 1) face was realized through H.PN.S.G.
with a very high thermal gradient (100 °C cm™ ") due to the very low growth rate along the c-axis
[41]. The substrate was first covered at 1500 K with liquid gallium at low nitrogen pressure and
then the pressure was increased up to the experimental crystal growth one (1.5-2 GPa). In only 50—
100 h, a wurtzite type GaN hillock with a diameter about 6 mm and a thickness about 200 pm was
obtained on the crystal that was used as a seed. The growth rate was between 4 and 8 pmh ',
against 1-2 um h™' for H.PN.S.G. with spontaneous nucleation. The XRD FWHM were the same
as these of the GaN seed. The formation of roughness on the Ga polar surface was suppressed by
means of a positive thermal gradient perpendicularly to the growth front. The growth mechanism
should consist in the propagation of macrosteps from the hillock center, the steps near the center
corresponding to a higher supersaturation zone (with higher growth rates) than these closer to the
step wall [41].

Gallium nitride crystal growth along [1 12 0] was performed from a fragment (about 1 mm wide
and 4-5 mm long) of GaN crystal elaborated by classical H.P.N.5.G. [40]. As previously, the substrate
was covered with liquid gallium at high temperature and low pressure. The lateral dimension of the
elaborated crystal was similar to this of the seeds whereas the perpendicular dimension depended on
the crystal growth duration. The introduction of seeds in the vessel controlled the position of the GaN
crystals during H.P.N.S.G. experiments [40].
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2.5.2. HPN.S.G. crystal growth of GaN on templates (sapphire/GaN) or subtrates (GaN/sapphire)

The progress in blue laser diodes and UV light sources is still limited by the lack of high quality
and large (1-2 inches) GaN wafers and by the density of defects.

Recently in order to improve the thickness of GaN crystals, the crystallization of GaN in ¢-
direction on sapphire/GaN templates was examined by Bockowski et al. [42]. Two main factors
seem responsible for GaN growth in c-direction: for short time the growth rate is mainly controlled
by nitrogen transport, for longer duration the surface kinetics factor was predominant. Then the
same Research Group evaluated the high pressure solution growth of GaN on GaN/sapphire
substrates, patterned in GaN parallel stripes. The stripes grow in lateral and c-directions. The
dislocation densities in the laterally overgrown areas have been found in the range 5 x 10° to
10° cm ™ ? [43].

Crystallographic and chemical inhomogeneities occurringin GaN single crystals (grown by high
pressure method), homoepitaxial layers and quasi-bulk thick epitaxial layers (MOCVD and HVPE)
have been recently investigated by Weyher [44]. Among the defects observed in HP-grown GaN
single crystals, the most important for the crystalline quality of homo-epitaxial structures are micro-
defects.

2.6. The pressure-controlled solution growth (P.C.5.G.) process

Inoue et al. [45-47] recently proposed another process also based on the conversion of liquid
gallium into GaN under high nitrogen pressure at high temperature: the pressure-controlled solution
growth.

2.6.1. Description of the P.C.S.G. process

Preliminary experiments showed the possibility to elaborate GaN crystals without any thermal
gradient under experimental P, T conditions closed to those of the HP.N.S.G., an nitrogen over-
pressure inducing the N supersaturation in liquid gallium [45]. The experimental device consisted in a
high pressure furnace (for pressure up to 0.98 GPa and temperature up to 2000 °C) including a
pyrolitic BN vessel (38 mm diameter). Firstly the equilibrium pressure was studied through experi-
ments carried out at 1450 “C under a nitrogen pressure between (.69 and (.98 GPa: their results were
in good agreement with those of Karpinski et al. [10]. The growth rate was then determined (i) versus
temperature (1350-1600 "C) at 0.98 GPa with a gallium weight of 420 g and (ii) versus gallium weight
(10420 g) at 1475 °C and 0.98 GPa. The growth rate increased with temperature from 1350 to
1475 °C, its values being zero below 1350 “C and above 1525 °C: thus, it was maximum at 1475 °C.
Moreover, the growth rate was largely decreasing with the gallium weight which was consistent with a
diffusion process for the crystal growth [45].

Gallium nitride crystals were then grown at 1400-1500 °C and 0.98 GPa. A small thermal
gradient (about 1 °C) was applied in order to select the part of the vessel where the crystals were
elaborated [45]. No information was given about the overpressure applied during the experiment.
After experiment, the furnace was cooled down to room temperature during 2 h. The resulting crystals,
as hexagonal platelets, were yellowish and transparent with a diameter usually about 7 mm (at growing
temperature of 1450 “C for 9 h), reaching 10 mm mainly near the surface of the liquid gallium. XRD
evidenced that the normal axis of the platelets was the c-axis of the wurtzite structure. The dislocation
density was found to be under 10° cm 2 through TEM observations and the free carrier concentration
about 10* ¢cm through PL analysis [45]. The dislocation density and the free carrier concentration
were larger than those of crystals elaborated by H.P.N.S.G., probably because of the small durations of
the crystal growth experiments inducing high growth rates and thus defaults.
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2.6.2. Improvements of the P.C.5.G. process

The size of the surface area of the GaN platelets was then studied versus the supersaturation, i.e.
the rate of increase of N, pressure [46]. When the equilibrium pressure of (.98 GPa at 1475 "C was
reached, the N, pressure was increased with a rate up to 300 MPa h ! for durations from 0.5 to 16 h.
Thus, GaN single crystals were elaborated at rate values from 8 to 293 MPa h™', their surface area
decreasing from 120 to 80 mm” with reducing rate. This phenomenon was explained by the raise of the
number of nuclei when the supersaturation was high, thatcorresponded to a large rate of increase of N5
pressure, above 50 MPa h™'. Moreover, the morphology of the crystals was also affected: at lower rate
(8 MPa h™') the GaN platelets were flat and smooth whereas from 12 MPa h™' the surface presented
growth steps arranged around an hexagonal axis. To sum up, low rate allowed the elaboration GaN
crystals with a stable morphology corresponding to a slow growth [46].

The crystals exhibited a quite good crystalline quality with the (000 2) FWHM value [X-ray
diffraction peak Cu Kal source]usually about 120 arcsec and a dislocation density below 10° cm ~as
estimated by TEM observations. The PL spectra of the most flat platelet contained a very weak yellow
band at 2.3 eV compared to the band-edge one at 3.5 eV [46].

2.6.3. First optimizations of the P.C.5.G. process

A new larger high pressure furnace was used in order to grow larger GaN crystals: the diameter
and the height of the processing volume were then increased from 40 and 100 mm to 60 and 150 mm,
respectively [47]. The maximum values of experimental pressure and temperature were 1.0 GPa (with
accuracy of 0.01%) and 1600 "C (with a precision of 1.0 “C), respectively. Several (10) BN vessels
(52 mm diameter), charged with gallium, were placed simultaneously in the HP furnace. The
optimization of the experimental crystal growth conditions was still in progress but a crystal with
a size up to 25 mm (surface area over 300 mm?) was grown at 1475 "C and 1 GPa for 16 h with a rate
of increase of N, pressure about 69 MPa h '[47]. It was a yellowish transparent hexagonal platelet
with macrosteps and its crystalline quality seemed to be equivalent to the one of the crystal elaborated
in the previous study at high rate [46].

3. Processes using a Na flux
3.1. First step of the Na flux development

Several works dealing with GaN crystal growth were then carried out by Yamane et al. at the end
of the 1990s and a process based on a sodium flux was developed [13.48,49]. As they were working on
the elaboration of alkali nitrides they did not succeed in the synthesis of the mixed nitride of sodium
and gallium, discovering however that GaN could be obtained in sodium.

3.1.1. Experimental device

For those experiments, sodium azide and gallium were introduced under argon atmosphere into a
stainless steel tube, which was then sealed and placed in a furnace. Above 300 “C, NaN; decomposed
into Na and N, and supplied high purity nitrogen and sodium, this one being eliminated by washing
with ethanol at the end of the reaction. The experiment were performed at a temperature between 600
and 800 “C under a pressure between 5 and 10 MPa for a duration from 24 to 96 h and with a ry, ratio
between 0.2 and 0.8 [the parameter ry, being defined as the molar ratio of sodium (ry, = nng/
[rGa + nnal)] [13]. Wurtzite-type gallium nitride was observed for high values of ry,. An increase of
the pressure or of the temperature parameter shifted the GaN domain to larger values of the ratio ry,.
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For the highest ry, values, gallium nitride was synthesized as a dark colored fine powder
whereas transparent crystals were observed for lower ones. GaN crystals exhibiting a size above
0.1 mm were prepared in 24 h in the following experimental conditions: P = 10 MPa, T"= 700 °C
and 0.3 < ryy < 0.7. The largest ones were greenish and transparent hexagonal platelets 0.5-1 mm
(for a duration of 24 h). The color of those crystals was attributed to nitrogen vacancies or
impurities such as oxygen. Moreover, a raise in the duration led to an increase of the crystal size:
for instance, 0.2 mm transparent and colorless hexagonal platelets were elaborated in 40 h at
600 °C and 10 MPa with ry, = 0.64 whereas their size was only 0.1 mm in 24 h in the same
conditions [13].

The effect of the ry, ratio on the GaN crystals morphology was further studied, following a
similar technique to the one described previously, the experimental conditions being 750 “C, 10 MPa
and 100 h [48]. The largest crystals were generally obtained for low ry, values (0.31 < ry, < 0.38):
these bulk or platelet crystals were transparent and colorless or colored (orange or blue), with a
maximum size of 0.8 mm x 0.5 mm x 0.5 mm. At higher ry, values (ry, = 0.47), crystals in shape of
hexagonal platelets were elaborated with an average size about 0.2 mm x 0.2 mm x 0.2 mm, the
largest one reaching unusually 1 mm long. They grew perpendicular to the inner wall of the tube, just
above the surface of the Na—Ga melt. When the ry, value increased, the crystals morphology changed
from prismatic to platelet; at very high ry, ratio, only GaN granules were observed [48].

3.1.2. Properties of resulting crystals

Prisms and platelets, elaborated for ry, ratio of 0.38 and 0.47, were characterized by electric
measurements [48]. Their resistivity was, respectively 0.01 and 0.1  cm at 300 K and was almost
constant in the range 150-300 K. The prisms presented a free electrons concentration of
5% 10* cm ™ and a mobility of 100 cm® V™' cm ™!, whereas these values were 7 x 10*° cm ™
and 9cm®V 'em ! for the platelets. As observed through X-ray diffraction, the platelets are
characterized by a smooth face and a rough one with small hillocks, corresponding, respectively
to the N terminated (0001) and the Ga terminated (0 0 0 1) faces. These results were opposite to those
for H.PN.S.G. platelets observed by Leszczynski et al. [29] (Section 2.2.3), certainly resulting from a
different reactional mechanism [48].

3.2, Improvements of the Na flux process

The crystal growth of GaN in the previously described experiments was limited on several points,
which induced three main improvements:

(i) The stainless steel tube used as a container for the Na—Ga melt during these experiments was not
exactly adapted because it was reacting with the melt. A boron nitride crucible was then
introduced in the stainless steal tube in order to separate the reagents from the tube. [50].

(ii) The experimental pressure was depending on the ry, ratio, nitrogen being provided by the
thermal decomposition of NaN3. The range of the experimental parameters that could be explored
was thus restricted. Therefore, the control of the ry, ratio was realized independently of the
nitrogen content adding metallic sodium to sodium azide [51].

(i11) In the previous experiments, the pressure was decreased with time down to few MPa because of
the consumption of nitrogen. The duration of the crystal growth experiments was then limited
as well as the size of the resulting crystals. Therefore, a constant pressure was maintained
through a regular supply of nitrogen during the experiments, whose duration could be extended
[52].
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3.2.1. Experimental device and crystal growth
According to the improvements explained above the experiments were realized as described
below:

(i) For isolating the reagents from the stainless tube, they were introduced under inert atmosphere
into a BN vessel that was then placed in the stainless steel tube before sealing. Experiments were
realized in the following experimental conditions: 7= 650 °C, t= 300 h and 0.15 < ry, < 0.75
(the corresponding pressure was not specified) [50].

(i1) For controlling ry, value independently from the pressure, the experiments presented a single
change compared with the previous ones (Section 3.1.1): sodium azide was added to metallic
sodium and gallium in the stainless steel tube. GaN crystals were obtained at 650-840 “C during
6300 h for ry, values between 0.42 and 0.52 [51].

(iii) For the regulation of nitrogen pressure in the experiments, sodium azide was replaced by metallic
sodium. Indeed, in the previous experiments, the gaseous nitrogen was obtained by the sodium
azide decompositions, which also provided sodium. As, in this case, N, was continuously
introduced in the stainless vessel during the reaction, only sodium was required as previous
reagent. The explored experimental conditions were the following: 750 “C, 5 MPa and 200 h fora
'ng ratio in the range 0.40-0.67 [52].

Generally, the same observations could be made for all these experiments concerning the
influence of the ry, value: the lower it was, the more gallium nitride was formed and the more the
growth rate decreased. Crystals with platelet and pyramidal shapes were obtained, respectively, on the
vessel wall and on the inner face of the polycrystalline layer that was formed at the surface of the Na—
Ga melt, i.e. the face in contact with the liquid. Moreover, GaN crystal growth within the melt was
revealed for some cases.

During the experiments with a regulation of the nitrogen pressure (5 MPa), 3 mm transparent and
colorless hexagonal platelets were elaborated on the polycrystalline GaN layer, for a ry, ratio equal to
0.60. They were larger than those obtained without the pressure regulation, with a maximum size
about 1-2 mm. The tube wall and the bottom of the vessel also presented smaller GaN crystals (about
0.5-0.7 mm), mainly transparent and colorless.

3.2.2. Reactional mechanism

Yamane et al. described the crystal growth mechanism in the reactional tube [51]. Firstly, a
polycrystalline layer should be synthesized on the surface of the Na—Ga melt, by the reaction of liquid
gallium and nitrogen provided by the thermal decomposition of sodium azide. Then, GaN crystals with
a prismatic or pyramidal morphology grew below the polycrystalline layer. Prismatic crystals and
hexagonal platelets should also be formed on the wall tube, Na—Ga melt wetting them above the liquid
surface. The reaction rate was improved by an increase of the temperature or of the sodium ratio in the
Na—Ga melt. The authors did not propose any hypothesis for the change in the observed morphologies
versus the values of the ry, ratio and/or the place where the crystals were growing. The larger platelets
were elaborated for a ry, value of 0.60: in these conditions, the growth rate was acceptable and the
polycrystalline layer was formed more slowly (this one being able to prevent or reduce nitrogen supply
in the Ga-Na melt) [52].

A mechanism was proposed in order to explain why the experimental P, T conditions were lower
in Na flux experiments than that observed with the HP.N.S.G. [51]. Generally, nitrogen does not react
with gallinm below 950 “C [18] because of the high bonding energy of the nitrogen molecule.
However, it was observed that nitrogen and gallium reacted far below this value: sodium probably
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acted as a catalyst for the reaction between Ga (or a Ga—Na intermetallic) melt and N,. Sodium is
indeed one of the alkali metals that can easily give up an electron, its ionization potential being quite
low (196 kJ mol™"). Yamane et al. [51] proposed that the nitrogen molecules, which were absorbed on
the Na—Ga melt, could capture the electrons from Na, those one filling the first empty orbitals of the
nitrogen molecules. Those orbitals being antibonding (217;), nitrogen bonds should then be weakened
favouring their dissociation in two negatively charge nitrogen atoms. There is no sodium nitride or
mixed nitride between gallium and sodium and the nitrogen solubility is very low in Na melt
(7.1 x 10"2% at 600 °C). Gallium should thus be the only element able to catch nitrogen, forming then
a nitride. Gallium atoms in Na—Ga melt near the interface should form species containing or not
sodium atoms (Na,[GaN,]) [51].

3.2.3. Physical and chemical properties of elaborated crystals

A 1 mm transparent and colorless hexagonal platelet, elaborated for a ry, value 0.60, was
characterized through XRD and then electrical and cathodoluminescence (CL) measurements [52].
The FWHM of the (00 0 4) peak was 25 arsec and the ¢ lattice parameter 5.1877 A. Its resistivity
closed to 0.06 {2 cm was nearly constant in the range 110-300 K. Its conductivity was n-type with a
free carrier concentration about 1-2 x 10" cm ™ and a mobility of 100 em®>V ' cm . The free
carrier concentration was lower than that obtained for best platelets elaborated through H.P.N.S.G.
(Section 2.3.2). The CL spectrum exhibited a single peak at 265 nm. Brownish platelets synthesized
through experiments without pressure regulation during the crystal growth presented not only this
peak that was twice less intense but also another broad peak at 400-500 nm. This last one was not
attributed but it was all the more intense as the crystals were colored or presented defaults. The good
crystalline quality of the last crystals elaborated through the Na flux sodium crystal growth was then
confirmed by these characterizations.

3.3. Optimizations of the Na flux process

The main disadvantage of the previous experiments was that a part of the gallium was used for
the synthesis of gallium nitride in small crystals to the detriment of the larger platelets. A new BN
vessel was then designed with an inner cone-shaped cavity that induced a curvature of the Na—Ga
melt, in order to reduce the formation of the polycrystalline layer of GaN [53]. The authors also
supposed that the impurities contained in the flux catalyzed its formation and proposed to use a flux
with a higher purity [54]. In order to reduce the formation of the polycrystalline layer of GaN,
experiments were carried out with a conic-shaped inner cavity of the BN vessel and eventually a
high purity Na flux.

3.3.1. Improvement of the vessel shape

3.3.1.1. Experimental device. The experiments in the BN vessel with a conic-shaped inner cavity
were performed at 750 “C and 5 MPa [53]. The formation of the polycrystalline GaN layer was thus
reduced, no explanation being proposed in order to understand this phenomenon. Moreover, the
conjugated effects between the wall angle and the melt curvature lowered the height of the wall that
was wet by the liquid. Very few gallium nitride was thus formed on the wall of the vessel.
Transparent and colorless crystals were grown in this vessel (in the polycrystalline layer): their size
was greater than previously with platelets up to 3 mm x 2.5 mm x 0.1 mm (ry,=0.60 and
t =360 h) and prisms about 1 mm x 0.5 mm x 0.5 mm (ryy = 0.56 and £ =450 h). For experiments
with ry, =0.60, some gallinm was remaining at the end (¢ = 360 h), while there was no gallium
residue for ry, = 0.56 after 450 h. It should then be possible to elaborate larger platelets through an
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increase of the duration for ry, = 0.60. It was confirmed that the morphology changed from platelet
to prism with a raise of the ry, ratio. When its value was higher, nitrogen incorporation in the Na—-Ga
melt should be faster, as well as the formation of the Na,(GaN,) species. Yamane and co-workers
[53] are still working on the influence on the ry, ratio, this one playing a key rule on the crystals
morphology during their growth.

3.3.1.2. Properties of resulting crystals. These crystals were characterized through photolumines-
cence and Raman scattering [55]. PL spectra usually presented a single band at 3.4 eV corresponding
to the near band-edge emission, the yellow band not being observed (or very weakly). The largest
platelets (3—4 mm) had a FWHM of the PL emission peak of 74 meV at room temperature and
2.2 meVat 1.7 K. It was decreasing down to 0.22 eV for smaller platelets. At room temperature, the
prisms were characterized by a larger value (109 meV) and presented a broad band at 2.96 eV,
revealing the presence of zinc as an impurity probably originating from the reagents. The free carriers
concentration was evaluated by Raman scattering at about 2-3 x 10" ¢m ™ for 2-3 mm platelets and
it decreased down to 10'®cm ™ for the smallest ones. These measurements confirmed the good
crystalline quality of the platelets elaborated through this process [55].

The morphology and the polarity were studied through X-ray anomalous diffraction, for crystals
obtained at 750 °C and 5 MPa [56]. As seen previously, the platelets exhibited a smooth (000 1) face
and a rough (00 0 1) one. The prisms were divided in two types: for pyramidal ones, the base was the
(00 0 1) face while for the other ones, the large base was the (0001) face and the small one (at the top)
the (000 1) face.

3.3.2. Purification of the Na flux
3.3.2.1. Experimental device. Using of a high purity Na (99.95%) flux, the formation of the
polycrystalline layer on the surface of the Na—Ga melt during the experiments was stopped
(750 °C, 5 MPa and 200 h for ry, = 0.60). With a lower purity flux (99%), a polycrystalline layer
of GaN could be observed, thus confirming that impurity should originate its formation. In order to
evaluate the influence of the impurity content, experiments were performed using as a 99.95% Na flux
purified by distillation (775 "C, 5 MPa and 300 h for ry, = 0.67). The polycrystalline layer of GaN was
not observed and platelet-shaped crystals (6 mm x 4 mm x (.25 mm) were obtained in the bottom of
the vessel. These platelets however certainly grew at the surface of the Na—Ga melt, held by the surface
tension of the liquid. At 750 “C, Ga density was 5.67 and this of Na (.77 while this of GaN was 6.1.
When the content in Ga decreased, the surface tension was not high enough to keep up the platelet. The
ratio N/Ga was smaller at the bottom of the vessel than in the surface of the melt where took place the
dissociation of nitrogen molecules. The crystal growth was along the c-axis whereas it began
perpendicularly to this axis (inducing the platelet shape). The platelet was thus convex, with a
thickness of 0.25 mm [54].

The use of pyrolytic BN for the vessel led to platelet-shaped crystals, their size being about
10 mm [54]. Sintered BN that was used before for the vessel contained 0.5 wt% oxide additives,
which led to impurities in the flux. The increasing size should not be only due to the high purity flux:
pyrolytic BN presenting smoother wall that sintered one, the number of nucleation centers was
reduced [54].

3.3.2.2. Properties of resulting crystals elaborated in high purity Na flux. The platelets were
characterized by XRD: the FWMH of the (000 2) peak were 45 and 55 arcsec for the 6 and
10 mm sized crystal, respectively [54]. Those values were close (even smaller) to those of the crystals
elaborated through H.P.N.S.G., for the same size.
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3.4. Oriented crystal growth according to the Na flux process

3.4.1. Oriented crystal growth induced by a substrate

In order to orientate GaN single crystals, Yano et al. [57] modified the experiences using NaN;
and Ga at 500800 “C during 24 h, in stainless steel tubes, through the addition of a substrate. Most of
the experiments using specific substrates [Si(1 1 1), Al05(0 00 1) or SiC(0 0 0 1)] failed, except the
one with AIN(OOO 1) film for which GaN crystallites were observed. In such a case their size
depended on the experimental temperature (3 pm at 600 “C, 26 pm at 700 “C and 55 p.m at 800 "C).
This increase of size with temperature was associated with a raise of the growth rate. XRD analysis
showed that the c-axis of the wurtzite type GaN was normal to the AIN(0 0 0 1) film. The N/Ga atomic
ratio of the resulting crystallites, evaluated by energy dispersive X-ray spectroscopy (EDXS), was also
depending in the temperature; its value decreased from 1.22 at 800 “C to 0.98 at 700 "C and 0.80 at
600 “C. The deficiency of nitrogen in nitride gallium elaborated at low temperature could be due to the
reduction of the nitrogen solubility in the Na—Ga melt. Cathodoluminescence (CL) spectra exhibited a
peak corresponding to the near band-edge emission at about 3.4 eV, which FWHM value is reduced
when experimental temperature decreased, from 212 to 109 meV at room temperature. Increasing
temperature thus induced a raise in the crystalline quality of the elaborated crystals [57].

3.4.2. Liguid phase epitaxy (LPE)

Liquid phase epitaxy was carried out by Kawamura et al. [58] using the Na flux method. The
starting materials (Ga (1 g), Na (882 mg) and a 3 pum (00 0 1) GaN substrate grownon a (000 1)
sapphire one) were placed in a BN vessel (9 mm inner diameter and 50 mm height) and then heated to
800 °C at 5 MPa during 96 h. A GaN crystal (12 mm x 5 mm x (.8 mm) was elaborated, larger than
the used substrate. Its color changed from black in the early stages (indicating the presence for instance
of many impurities or nitrogen vacancies) to transparent in the later ones. The MOCVD-GaN film
exhibited many etch-pits after chemical etching, corresponding to a density of dislocation about
1.3 x 10°cm 2, on the contrary the LPE-GaN one had very few etch-pits, suggesting a low
dislocation density. The PL spectra exhibited a peak (at 360 nm) 40 times stronger for the LPE-
GaN film than for the MOCVD-GaN one. This reflected the increase of crystalline quality with the
LPE method, the intensity being sensitive to the dislocation density [58].

A mixture of nitrogen and ammonia (40%) was also used instead of pure nitrogen, because
previous studies [59] showed that adding NH5 in N, during experiments using the Na flux method
decreased the pressure threshold for GaN synthesis of about 2 MPa. A 10 pm thick transparent GaN
film was grown at only (.5 MPa [58].

Kawamura et al. [60] tried to improve this process by swinging the pressure chamber during the
LPE experiments. The BN vessel containing the starting materials was placed in the pressure chamber
oscillating at a frequency of 1.5 times per second. This technique was thus called the flux film coated-
liquid phase epitaxy (FFC-LPE) method. A growth rate of 4 um h™' was obtained at 800 °C and
0.95 MPa using as a substrate a 15 pum thick MOCVD-GaN film, leading in 4 hto a 15 p.m thick GaN
film This FFC-LPE film was quite smooth as it grew just below the gas—liquid interface. The color of
the resulting film was light brown, indicating the presence of nitrogen vacancies probably due to the
very low experimental pressure [60].

3.4.3. Crystal growth from seeds

Aoki et al. [61] studied GaN crystal growth from seeds using the Na flux process. In order to
optimize experimental conditions, the pressure and the temperature were explored, respectively, in the
range (.5-5 MPa and 750850 “C, respectively. Three different cases were observed versus the values
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of the pressure and the temperature. For the lowest pressures and temperatures, GaN seeds were
decomposed because P and T were too small for stabilizing gallinm nitride. For the highest pressures
and temperatures, P and T'were sufficiently high for inducing spontaneous nucleation of GaN without
any crystallographic relation with the seeds. This P—T field was the one explored previously for the Na
flux crystal growth experiments. In an intermediate P—7 domain, gallium nitride nucleation could be
obtained on the seeds.

The used GaN crystals as seeds were elaborated in previous mentioned experiments, (their length
and thickness being 1-3 and 0.025-0.2 mm respectively) [52,53]. At 850 “C and 2 MPa it was possible
to growth GaN crystals up to 3 mm x 1.5 mm x 1 mm in 200 h. Their X-ray Laue photograph, with
the beam parallel to the ¢-axis of a as-grown crystal, confirmed that a single crystal was developed on
the seeds. The as grown crystals exhibited a dark color, similar to this obtained in Garich conditions,
which should be due to a nitrogen deficiency. This result could originate from the low nitrogen
pressure used during these experiments. The growth rate along ¢ (1-4 pmh ™ ') was higher than that
along a (1 pmh ", the experimental P-T conditions being very close to those for which prisms were
elaborated [61].

3.5, Dissolution and recrystallization of gallium nitride in molten Na

Recently, Aoki et al. [62] further studied the Na flux process, through the dissolution of GaN in
molten Na and its recrystallization.

3.5.1. Dissolution of GaN in molten Na

For the investigation of the dissolution of GaN in molten Na, sodium and GaN polycrystalline
fragments (elaborated by the Na flux method) were introduced in a BN vessel under inert conditions.
This one was then placed in the high pressure reactor where the experiments were carried out, (the
explored temperature and nitrogen pressure being 650-800 “C and 3—-5 MPa). The mass dissolution of
GaN (expressed in mg/g of sodium) was evaluated through the mass loss of GaN and through the mass
of metallic gallium obtained after removing the sodium, the results obtained by both ways being
consistent. The Ga dissolution increased with the temperature: from about 2 mg/gy, at 650 °C to
37 mg/gn, at 5 MPa or from 1 mg/gy, to 27 mg/gy, at 3 MPa (for 100 h duration). The increase of the
nitrogen pressure induced the decrease of the GaN mass dissolution. Aoki et al. [62] proposed the
hypothesis of the formation of Na,[GaN, ] species in the Na melt to explain the raise of the nitrogen
solubility compare to this in pure Ga melt (see Section 3.2.2).

The addition of a small amount of LizN (3.5 wt% Na) led to an increase of the mass dissolution of
GaN, up to 40% at 800 "C. The author assumed that species including Li and Ga were formed when
lithium nitride dissolved into Na melt (Li;N playing the role of mineralizer in the Na flux method).

3.5.2. Recrystallization of GaN in molten sodium

The firstrecrystallization experiments were carried out in the apparatus described in the previous
part using Na (1 g), GaN powder (15-20 mg) asa nutrient and Li;N (3.5 mg) in some cases. The GaN
powder was constituted of <30 pm crystallites issued from crushed GaN crystals elaborated by the
Na flux process. After reaching experimental conditions (800 “C and 5 MPa during 50 h), the sample
was slowly cooled (1 °C h™")down to 700°, the heating being then stopped. Brown hexagonal crystals
up to 100 pm were elaborated without LisN as an additive [62]. The crystals obtained with lithium
nitride (on the vessel wall) were transparent and colorless platelets which size could be up to 300 pm,
thanks to the improvement of GaN mass dissolution in Nain presence of Li;N. The sites where such
crystals were observed suggested thatthe growthbegan after the total dissolution of the nutrient. Aoki
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et al. expected that crystal growth of larger crystals should be realized using in addition a thermal
gradient [62].

3.6. Development of other fluxes for GaN crystal growth

3.6.1. Crystal growth using a potassium flux

Yamane et al. [63] observed that gallium nitride synthesis using a K flux led to blende-type GaN
(cubic). Up to 30 pm black or transparent crystals were obtained with the following experimental
conditions: 750 “C, 7 MPa, 100 h, r¢ value of 0.4 (rg = ng/[ng + ng,l). The squared facet as well as
the four-fold or three-fold axis observed by SEM reflected the symmetry of the blende structure. The
authors did not propose any hypothesis in order to explain why potassium flux stabilized rather blende-
type GaN than wurtzite-type structure [63]. XRD characterizations on a 40 pm x 30 pm x 30 pm
GaN prism led to a lattice parameter a = 4.5062 A.in the range of the values obtained for cubic GaN
films (4.49-4.53 A). CL spectra evidenced a peak at 3.2 eV corresponding to the near band-edge
emission and a broad one at 2.4-2.8 eV suggesting the presence of deep levels originating in defaults
or impurities. The value of the band-gap was then 3.2 eV (0.2 eV below the value of the wurtzite-type
GaN one) that was consistent with the measurements realized on films [63].

Yamane et al. [64] also reported the synthesis of cubic GaN with Na flux, the experimental
condition being: 570 “C, 200 h, ry, ratio of 0.75. The temperature was chosen 10 “C below the melting
temperature of the GasgNas-» intermetallic compound. The GaN crystals obtained at the bottom of the
vessel exhibited a morphology corresponding to cubic structure (truncated slab). Powder X-ray
patterns presented a mixture of blende-type (a = 4. 5019(1);\) and wurtzite-type (a = 3. 188?(1);\ and
¢ =5.1833(4)A) gallium nitride. The polycrystalline layer and the crystals on the surface of the vessel
wall were wurtzite-type GaN [64].

3.6.2. Crystal growth using a lithium flux

Song at al. [65] recently elaborated transparent and colorless GaN crystallites using a Li flux. A
tungsten sealed tube containing a mixture of Ga and Li;N was very slowly cooled (2-3 °C day ")
during 120-180 h. The initial temperature had to be in the range 740-800 “C, Li3;N corroding the tube
above 800 “C and no GaN being formed below 740 “C. The Ga/Li;N molar ratio had to be between 1
and 4 because an excess of lithium led to the synthesis of Li;GaN, while this of gallium allowed the
exclusive formation of GaN. The crystallites exhibited more or less regular (hexagonal) morphologies,
their thickness being between 20 and 300 pm. Their XRD powder pattern was characteristic of a
wurtzite-type structure with a = 3,1903(3)1?\ and ¢ = 5,1864(6);\, The (1 0 1) peak FWHM for single
crystal XRD was about 10-30 arcsec which revealed a good crystalline quality. Song at al. proposed a
crystal growth mechanism in two steps [65]. The first one should be the formation of Li;GaN, and of
the Li flux (Ga + 2Li3N — 3Li + Li;GaN,), the second step leading to the synthesis of GaN through
the decomposition of Li;GaN, (Li;GaN; — 3Li+ 2GaN). The authors proposed that a Li-N-Ga
liquid phase was formed within which the nucleation and the crystal growth of GaN took place [65].

3.6.3. Crystal growth using mixed fluxes (Na, Ca, Li, ...)

Kawamura et al. [66] studied GaN synthesis using a mixed Ca—Na flux. The reagents (Ga (1 g),
Na and Ca, according to a molar Ga/flux ratio of 0.27) were introduced in a BN vessel and then placed
into a stainless steal tube. This one was then connected to the pressure and heating apparatus. The
experimental temperature and pressure were 800 “C and 3 MPa, respectively, for duration of 96 h. The
yield of reaction increased with Ca content from 1.4% without Ca, up to 14% for Ca amount of
10 mol% and above 30 mol% the yield was zero. Moreover, the nitrogen pressure threshold was
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reduced to about 1 MPa by using a 10 mol% Ca flux instead of a pure Na flux. The elaborated
crystallites were quite small (up to 100 pm) but were transparent when growing near the gas—liquid
interface, due to their lower nitrogen vacancies concentration (Ca promoting nitrogen incorporation in
the melt). No crystal growth mechanism was described [66]. The Na—Ca flux was used for the LPE
method (see Section 3.4.2) by Kawamura et al. [67] and large crystals were elaborated at 800 “C
during 96 h, the thickness being from 150 pm at 1 MPa to 600 pm at 5 MPa. They were almost totally
transparent, certainly thanks to the larger nitrogen solubility in the melt.

The Li—Na flux system was also investigated by Morishita et al. [68] exactly in the same
conditions than these used for the Na—Ca flux experiments, the pressure being 1.5 MPa. The yield
of the reaction increased with Li content up to 84% for a Li amount of 70 mol%, to 0 for pure Na or
pure Li. The crystallites morphology changed from prismatic to platelets with Li ratio increasing.
Moreover, their sizes were higher than these with Na—Ca flux, reaching 800 pm. Finally, their color
varied from black to transparent when the content in lithium was raising, underlining the
decreasing of N vacancies concentration probably due to an increased amount of nitrogen in
solution [68].

3.6.4. Growth of GaN crystals from molten solution

GaN single crystals have been grown at moderate temperature (close to 800 “C) and pressure
(25 bar of N>) using a molten solvent with the composition LiF-BaF;—Li3N with an approximate ratio
1/1/1 by Feigelson and Henry [69]. Wurtzite-type rod-shaped GaN single crystals (0.5 mm length)
were been observed, sintered GaN, used as nutrient, being dissolved into the solvent.

4. Ammonothermal crystal growth

4.1. The ammonothermal crystal growth

In the middle of the 1990s, Dwilinski et al. [70,71] studied the ammonothermal synthesis of
gallium nitride, which was then called the Ammono method. GaN synthesis was realized in
supercritical ammonia, from metallic gallium, at a temperature of 500 °C and a pressure in the
range 400-500 MPa. A mineralizer was added, such as lithium or potassium amide (the reaction of
ammonia with metallic gallium being limited on the surface of the Ga particles). A molar MNH,:NH;
(M =Li, K) ratio of 1:10 led to micrometric faceted crystallites in 72 h with LiNH, as a mineralizer
[70]. Their crystalline quality was highly depending on the content in added amide. For a lower molar
ratio (for instance 1:240), only the surrounding of the Ga grains was converted in GaN, leading to
irregular gray particles. Needles with a maximum size of 25 pm were prepared with KNH,, [71].

Crystallites elaborated with LiNH, as a mineralizer were characterized through X-ray diffraction,
electronic paramagnetic resonance (EPR) and photoluminescence [70,72,73]. The gallium nitride was
solely wurtzite-type [a = 3‘1885(2};\ and ¢ = 5,1842(4)A] [70]. The PL spectra exhibited a strong
yellow band — associated with vacancies — with a broad band at 1.5-2.9 eV. This yellow band was
much diminished for crystallites that were prepared with rare earth (their nature not being specified by
the authors) in order to trap oxygen atoms. On the other hand, the very thin peak corresponding to the
near band-edge emission was observed with a FWHM of 1 meV [73]. This underlined the efficiency of
the RE for trapping oxygen, Ga vacancies being certainly associated to impurities such as oxygen. The
free electron concentration was evaluated through EPR, by comparison with a p-doped Si standard
sample, to 5 x 10" cm ™ for the crystallites elaborated with RE. This value was the lowest ever
reported and was not confirmed by later measurements [72].
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The authors did not publish more recent results about the synthesis of GaN crystals. However,
they showed that the dissolution of H.P.N.S.G. GaN crystals in supercritical ammonia was feasible at
550 °C and 500 MPa in the presence of mineralizers [70].

In parallel GaN crystal growth was initiated through a solvothermal process using NaN; and
gallium as precursors and ammonia as solvent [74]. In such a process N5~ acted as nitriding agent and
N as Na flux leading to the growth of GaN crystallites.

After different works involving GaN ecrystal growth with a maximum size of 10 mm by heating
Na—Ga melts at 750-800 “C and 5 MPa of N, pressure during 200-300 h. Aoki et al. proposed an
optimized crystal growth method using addition of Li;N in the flux and a temperature gradient method
[75].

4.2. Improvements of the ammonothermal crystal growth

At the end of the 1990s, Kolis et al. [14] performed the crystal growth of gallium nitride in
supercritical ammonia thanks to mineralizers such as sodium or potassium amide. They adapted
the hydrothermal crystal growth of o-quartz (or other various oxides) using ammonia as a
solvent and gallium nitride as a nutrient. Kolis et al. [14] supposed that it should be
possible to dissolve — even very slightly by means of a mineralizer — GaN in NH; (GaN being
insoluble in pure ammonia). The supposed mechanism of GaN crystal growth would be the
following: GaN+NH;+2NH;—[Ga(NHz)1—> +NH;+2NH;. AT played a role on the formation/dissocia-

tion of the complex Ga(NH,), . The rule of the various mineralizers is described in the next parts.

More recently Chenet al. [76] modeled different ammonothermal systems able to give bulk single
crystals of GaN and AIN using fluid dynamics, thermodynamics and heat transfer models.

The transposition of the hydrothermal crystal growth of a-quartz was also studied recently by
Denis et al. [77] which performed its first step: the solvothermal transport of gallium and nitrogen
with LizGaN, as a nutrient and ammonia as a solvent. The nitride Li;GaN, was used in order to
improve the dissolution step due to its higher ionicity than gallium nitride. XPS analysis showed the
feasibility for the transport and the formation of the GaN deposit on silicon substrates at moderate
pressures and temperatures (~150 "C and 150-200 MPa) via a three-steps mechanism: (i) solubi-
lization of LisGaN, and formation of the “GaN;s ” species (LizGaN, —>GaN23 +3Li"), (ii)
transport of this GaN,>~ species to the substrate and (iii) then precipitation of GaN on this one
(GaN,"~ — GaN + N*") [77].

Phase diagram of the system Li—-Ga-N was constructed and assessed using the CALPHAD
method [78]. This thermodynamical approach suggests than GaN crystal could be growth from the Ga
rich Li-Ga—N ternary solution using moderated N, pressure and temperature. Growth of GaN single
crystal have been claimed at 800 “C under normal nitrogen pressure (105 Pa).

Ammothermal growth of GaN via fluid transport in supercritical ammonia was very recently
described by Hashimoto et al. [79]. Such a research work underlines that the solubility of GaN would
have a negative temperature dependence. Consequently the GaN nutrient was placed in the lower
temperature zone and through weight gain GaN grows.

4.2.1. Use of alkaline amide as mineralizers

In order to evidence the role of mineralizers, Kolis et al. [14] performed experiments with
amorphous GaN, as nutrient prepared through the treatment of gallium chloride with an ammonia
flux. The nutrient (125 mg) and the mineralizer (250 mg) were introduced in a high pressure vessel
made of Rene 41 alloy (V= 12.5 ml). This one was then filled with ammonia by a low temperature
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distillation-recondensation process. The experimental conditions were optimal at 380 °C and
270 MPa (corresponding to a filling rate of 80%) [14].

Up to 0.4 mm crystals were elaborated in 72 h with NalNH» as a mineralizer. XRD (on powder)
confirmed the wurtzite-type structure for the resulting GaN. The experimental temperature was chosen
below 450 “C in order to remain in the Haber equilibrium (NH; molecules decompose into nitrogen
and hydrogen above this temperature, pressure avoiding it below [14]).

Similarly experiments were realized with commercial crystalline GaN powder but they did not
lead to GaN recrystallization. Chemical analysis showed that the amorphous GaN prepared by the
authors was containing chlorine traces. As potassium or sodium amide were not sufficient to help
gallium nitride solubilization, chloride was added to improve this step.

Experiments were then carried out adding KCl to KNH; and led to the elaboration of GaN crystals
from commercial GaN powder [14]. In the present state the role of chloride or chloride anion is not
exactly understood.

4.2.2. Use of alkaline amide and halogenide as mineralizers

The nature of the mineralizer (MNH,, M = Na, K) and that of the co-mineralizer (MX, M =Li,
Na, K and X = Cl) was recently studied [80]. Its choice was crucial, the mixture (KNH; + KI) leading
to the best results (their solubility being the highest for the alkaline metal amide and halogenide).
Moreover, the KNH»/Ga molar ratio must be controlled: (i) above 6:1, there was no crystallization and
(ii) below 3:1 the growth rate was too small. The largest crystals were elaborated in the following
experimental conditions: 7'=400 °C, P = 240 MPa (corresponding to a NHj filling rate of 80%),t =7
days and KNH,:KI:Ga = 60:1:20 (molar ratios). The resulting crystals were transparent platelets or
prismatic needles, up to 0.5 mm x 0.2 mm x (.1 mm. They were located within the GaN powder that
did not react. Their XRD characterization confirmed the wurtzite-type structure [a = 3. 182(5)A and
c=3. 178(3}5&], As for alkaline amide the role of the halogenide was not yet cleared up, Kolis et al.
presuming that it should act in the nutrient attack in order to form an initial halogenide complex. The
transport should then occur thanks to the NH,  anion, as “gallium—imide—amide” or *gallium—
nitride—amide™ complexes [80].

4.3. Optimizations of the ammonothermal crystal growth

Very recently, experiments similar to the previous ones were performed by Kolis and co-workers
[15] using potassium azide as a mineralizer (this one being more efficient than the mixture of alkaline
amide and halogenide for solubilizating the nutrient). Prismatic needles and platelets (<1 mm) were
elaborated at 500 °C during 240 h, using GaN powder and/or crystals as a nutrient, the KNj
concentration being 1.3 or 1.6 mol I"'. For high KN; concentration, only platelets were obtained
whereas low one led to a mixture of prisms and platelets. By analogy with H.P.N.S.G. mechanism,
prismatic growth should occur in a domain out of equilibrium experimental conditions at low
concentrations. When the KN; concentration increased, the transport should be improved and the
platelets morphology should be favored [15].

The obtained crystals were characterized through XRD and transmission X-ray topography. They
all exhibited the wurtzite-type structure and the X-ray diffraction FWHM were in the range 17-266
and 7-64 arcmin (1 arcmin = 60 arcsec) for the platelets and the prisms, respectively. The transmis-
sion X-ray Laue photographs showed that needles grew along the c-axis and platelets perpendicularly
to the (000 1) plane. Prisms exhibited quite well defined spots whereas those of the platelets
presented various amount of streaking revealing a high mosaicity (20-300 arcmin against ~10 arcmin
for the prisms). The dislocation density of the crystals (platelets) presenting the best crystalline quality,
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was evaluated using X-ray topography. Its value was at least equal to 10° cm ™ which was consistent
with the FWHM value for XRD peaks. These results were far from those of the GaN crystals obtained
by HPN.S.G. or Na flux methods (Sections 2.3.2 and 3.2.3), corresponding to a lower crystalline
quality of these crystals [15].

4.4. Synthesis and recrystallization of gallium nitride in acido-basic media

4.4.1. Ammonothermal synthesis of GaN in acidic medium

At the end of the 1990s, Purdy [81] studied the ammonothermal synthesis of gallium nitride from
metallic gallium with ammonium halogenide (NH,X, X = C1, Br, I) (NH," being the acidic form of
NH3) and claimed that blende-type (cubic) GaN was elaborated. Gallium and NH X were introduced
in a quartz tube that was filled with ammonia before sealing. The tube was then placed into a high
pressure vessel full of water (acting as a pressure transmitting medium), the initial pressure being
adjusted to 70 MPa. During the heating, there was a thermal gradient about 10 °C cm ™' in the quartz
tube (the coldest part being the top of the tube). At the end of the experiment, the reaction products
were washed with alcohol and acetone. The obtained powder was characterized by XRD, the
hexagonal and cubic phases amounts being evaluated by comparison between their respective
diffraction peak intensities and those of an equimolar mixture of these two phases. The following
experimental parameters were investigated: the temperature, the NH; filling rate of the tube quartz
(inducing the pressure), the halogenide nature in NH,X and its concentration.

The analyses of the results led to the following conclusions [82]:

(i) At temperatures below ~440 “C, the whole synthesized GaN was at the bottom of the tube as an
off-white to yellowish brown fine powder.

(i1) At lower temperature (~300 °C), the obtained X-ray diffractograms mainly contained peaks
characteristic of the blende-type structure, those of the wurtzite-type one being broad (the low
temperatures seemed to favor the blende-type gallium nitride).

(iii) At temperature above ~440 "C, GaN microcrystals were formed at the top of the tube wall (thus,
a solvothermal transport of the product seemed to occur, with growth of crystalline material in the
upper (colder) part of the tube).

(iv) When cubic and hexagonal phases coexisted, the first one was always in the coldest part (globally,
the deposed GaN amount raised with decreasing the vessel filling or with increasing NH X
content.

(v) Bromide ions favored rather the crystal growth rate than iodide ones, but led to wurtzite-type
needle like gallium nitride.

The ammonothermal synthesis of blende-type GaN seemed to result from a complicated process
kinetically controlled. The wurtzite structure was thermodynamically favored but the synthesis of the
blende-type structure was possible through a process involving a low activation barrier [82].

4.4.2. Ammonothermal recrystallization of GaN in so called “acidic medium”

Recrystallization experiments in supercritical ammonia from wurtzite-type (hexagonal) gallium
nitride were realized very recently by Purdy [82], leading to the growth of blende-type (cubic) GaN
crystals. The experimental procedure was nearly the same as previously, the pressure being higher, in
the range 210-280 MPa. The thermal gradient was still about 10 °C cm ! inducing a temperature
difference between the bottom and the top of the tube about 140-180 “C. The following analyses could
be drawn up from the various realized experiments [82]:
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(i) Whatever the used halogenide, hexagonal gallium nitride was dissolved in the hot part of the tube
and GaN crystals were deposited in the cold part (at the top) of the tube.

(i1) Concerning the resulting GaN structure although most of the deposed nitride was cubic (>80%),
hexagonal GaN was always formed (the wurtzite-type phase should be the first one that grew on
the wall tube, probably because of the presence of lost seeds from the nutrient).

(iii) The experimental conditions seemed to control the morphology of the elaborated micrometric
crystals: cone-shaped crystals, small cluster of needles, globular deposit or triangular prismatic
needles. Especially, the last ones were obtained with a low NH4Cl concentration (0.28 mol%) and
a high LiCl one (2.0 mol%), for an ammonia tube filling of 55%.

A needle-shaped crystal (0.16 mm in length, 0.2 and 0.005 mm in diameter at the base and the
apex), respectively, was characterized of XRD. Its structure was blende-type with a = 4.5 12(5);\,
The base and the apex corresponded to the (T1T1) and (11 1) faces, and the three faces in the
length to the (0 1 1), (I T0)and (10 1) ones, this orientations being confirmed for various needles
[82].

The GaN chemical transport rate seemed not to be linear with the NH4X concentration, but
presented a maximum. This phenomenon was similar to this observed for hydrothermal crystal growth
of a-quartz. In both cases when the mineralizer concentration was too high, there was no transport at
all. GaN dissolution indeed should imply the formation of alkaline halogenides, and the deposition, the
ammonolysis and the condensation of these halogenides in GaN and NH,X. According to Le
Chatelier’s principle, an excessive amount of NH,X should weaken the ammonolysis. Purdy proposed
the following reactional mechanism: (i) in the hot zone, the solubilization of GalN:
(GaN), + zNH X — Ga,N,,(NH),(NH>»),X., with an infinite number of possibility for the intermedi-
ary species (these ones being different for the hexagonal and the cubic phases), (ii) in the cold zone, the
ammonolysis: Ga-X + 2NH; — Ga-NH, + NH,X [82].

The control of the synthesis conditions and the use of seeds should allow Purdy to grow blende-
type GaN crystals. A larger platinum tube was also envisaged [81]. Moreover, the synthesis of GaN
was realized from gallium iodide (instead of metallic gallium) at 300 "C and 515 °C [74]. The
ammonolysis of Gal, led only to the hexagonal phase whereas the one of Gal; to cubic GaN. The
addition of Cul or Lil led to the pure cubic phase but the crystal growth was not possible (only a
powder constituted of micrometric crystallites was deposited in the cold part of the sealed quartz
tube) [83].

4.4.3. Ammonothermal recrystallization of GaN in a basic medium

Ammonothermal conditions for growing GaN bulk crystals using GaN as nutrient were
developed by Callahan et al. [84]. Experiments were performed in ammono-basic solutions (ammonia
with addition of molaramide) in high nickel content autoclaves in a temperature range 400—-600 “C and
a pressure range 100-300 MPa for up to 3 weeks — single crystal clusters on the order of 500 pm—
1 mm long were obtained.

4.5. Ammonothermal recrystallization of GaN from Ga as nutrient

Recently the growth of GaN via fluid transport in supercritical ammonia was evaluated by
Hashimoto et al. [79]. Metallic gallium was used as nutrient in the low temperature zone of a
reaction vessel, GaN single crystal seeds being placed in the high temperature zone. Spontaneously
nucleated precipitates on the GaN seeds were observed, the maximum size of such precipitates
being 10 p.m.
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5. Growth of doped GaN single crystals

The potentialities of new developments in field of spintronics for GaN doped systems have
recently concentrated interest on the growth of doped GaN bulk single crystals [85].

Besides H.PN.S.G. process performed for the elaboration of Mg or Be doped crystals and
reported in Section 2.4, other routes were investigated. Szyszko et al. [86] reported the synthesis of
Ga, _ Mn,N single crystal (x = 0.05) using a flow reactor system by the reaction of a Ga/Mn alloy with
NHs. A crystal (3.0 mm x 1.5 mm x 0.4 mm) was obtained in the temperature range (1000-1050 “C)
with a NH; flow rate close to 80-100 h™! during 5-8 h.

More recently the potentialities to prepare Al,Ga; N single crystal were investigated by Geiser
et al. [87]. Gallium nitride single crystals substituted by Al (27%) were obtained in severe
experimental conditions (T'= 1850 °C, P = 3.5 GPa, duration 3 days) using solid nitride precursors.

In the near future the growth of doped GaN single crystals will probably be developed through the
different crystal growth processes.

6. Conclusions
6.1. Summary of the characteristics of the various developed processes

The previously reviewed crystal growth processes all present disadvantages and advantages that
will be analyzed thanks to the following tables summarizing the experimental conditions and the
structural and electric properties of the resulting crystals (Tables 1 and 2).

6.2. Advantages of the various analyzed processes

6.2.1. Advantages linked to the development of the crystal growth processes

All these processes present very few advantages from an experimental standpoint. They require
conditions (pressure and temperature) quite severe and/or the use of toxic and/or reactive compounds.

The following advantages can however be brought out: (i) the Na flux method is realized at
temperature and pressure rather moderate, thus it should not be absolutely impossible to use it
industrially and (ii) the ammonothermal method can be performed at a very low temperature and an
accessible pressure (this one is in the same range than the one involved in the a-quartz crystal growth,
a process developed industrially [88]).

6.2.2. Advantages linked to the elaborated crystals

High quality crystals are elaborated through the H.PN.S.G. process: (i) the crystalline quality is
very high with a low dislocation density and a very small FWHM of the X-ray diffraction peaks and (ii)
the free carrier concentration is considerably lowered with p-type doping with magnesium, improving
their crystallinity thanks to a decrease of the dislocation concentration.

Table 1

Experimental conditions of the processes H.P.N.S.G, Na flux and ammonothermal

Method (authors) Pressure Temperature ("C)
H.PN.5.G. (Porowska et al. [10,12,16-41]) 1-2 GPa (N2) 1400-1500

Na flux (Yamane et al. [13,48-64]) 5-10 MPa (Nz2) TOO-800

Ammonothermal (Kolis et al. [14,15]) 200-300 MPa (NHs) 400-500
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Table 2
Structural and electrical properties of the crystals elaborated through the H.PN.S.G, Na flux and ammonothermal processes
Method (authors) Maximum size of the crystals FWMH of X-ray diffraction peaks Defaults
H.P.N.S.G. (Porowski et al. [10,12,16-41])
Non-doped 12mm * 10mm % 0.1 mm 20-30 arcsec Paistocation < 2 % 107 cm ™2
for <3 mm crystals [Veal = 10" em™
40-50 arcsec for >4 mm crystals
P-doped Similar to non-doped crystals 18-25 arcsec Pislocation ™ 10-107 cm ™2

Na flux (Yamane et al. [1348-64])

Ammonothermal (Kolisetal. [14,15])

6 mm x 4 mm x .25 mm
(10mm = 4 mm = (.1 mm)
<1 mm

[Vga] ~ 0 em™

45 arcsec (55 arcsec) -

17-200 arcmin Paistocation = 10% em™

Methods (authors)

Oxygen concentration

Free carrier Mobility
concenfration

H.P.N.S.G. (Porowski et al. [10,12,16-41])
Non-doped
P-doped

Na flux (Yamane et al. [1348-64])
Ammonothermal (Kolis et al. [14,15])

10"%-10" cm?

No charactenizations
has been published yet

5% 10" em™ 60cm” V™' em™!
Resistivity of 10°-10° £ cm

or very weak p-type

conductivity

10"°-10" em ™ 10-100 em® V™ 'em ™!

Patislocaion = dislocation density; [V ] = concentration of Ga vacancies.

* Non-intentional n-type doping with oxygen.



Concerning the Na flux method, there is no data on the dislocation density or on the density of Ga
vacancies for realized the crystals. The FWHM of the XRD peak is very low, involving probably a
good crystalline quality. Moreover, crystals with a free electron concentration twice smaller than the
one obtained by the H.P.N.S.G. were elaborated through the Na flux process. These results suggest that
the oxygen concentration in those crystals is smaller than this of the HPN.S.G. crystals (sodium
probably trapping oxygen before its integration in the gallium nitride lattice).

6.3. Disadvantages of the various described processes

6.3.1. Disadvantages linked to the development of the crystal growth processes

First of all, these methods share the disadvantage that the atmospheres in which the experiments
are performed require a severe control of oxygen contamination because the synthesis of gallium oxide
is a predominant problem. The involved constraints are the use of a glove box in inert atmosphere
during the preparation and the drastic elimination of water or oxygen traces in the precursors and the
experimental devices before the crystal growth.

Furthermore, too severe experimental conditions (pressure and temperature) limit the develop-
ment of a process on a large scale, as for instance the H.PN.S.G. one. The pressure about 1-2 GPa
associated with the temperature of 1500 “C can be reached only with a very limited and expensive
apparatus (any increase of size, in order to elaborate larger crystals, required substantial efforts for the
control of the experimental conditions, the reliability of the devices and consequently their price).

At the experimental level, the use of some chemical compounds can hinder the transfer of a
process to the industrial scale. For instance, the sodium that is used in the flux method is very reactive
and must be handled in controlled conditions. Moreover, it has to be highly pure or else the size and the
crystalline quality of the elaborated crystals are largely diminished. The ammonia used for the
ammonothermal method is very corrosive and its handling is much more sensitive than the one of
nitrogen.

6.3.2. Disadvantages linked to the elaborated crystals

Firstly, the crystals elaborated through the various processes described previously are too small,
the greatest dimension of the obtained hexagonal platelets being 12 mm, that correspond to an area
less than 200 mm?>. The area of the substrates that is usually developed industrially is at least 10 times
larger (2 inches in diameter).

Furthermore, these methods lead to non-intentionally n-doped crystals because of a quite large
concentration in oxygen: on the one hand, the so-induced Ga vacancies concentration is also high and
on the other hand the electron mobility is limited (their mobility being inversely proportional to the
free carrier concentration).

Finally, the published results for the ammonothermal method are quite restricted but the
crystalline quality of the obtained crystals seems to be rather poor, the FWHM of the XRD peaks
being very high. Moreover, the maximal size of these crystals is 3 mm. All this should probably be
improved with a seeded crystal growth, associated with a control of the experimental parameters, this
method being at the first stage of its development.

6.4. Gallium nitride wafers elaboration
Finally, the realization of few centimeters in diameter GaN wafers by the slicing of bulk

polycrystalline gallium nitride (realized through various processes) had to be noticed because they
should be used for the fabrication of optoelectric or electronic devices.

Page |23



)

(i)

(iii)

Sukhovev et al. [89,90] elaborated GaN ingots for TDI, Inc. through a low pressure—low
temperature crystallization from liquid gallium on a GaN buffer. The pressure and the
temperature were, respectively, 0.2 MPa and 800-1000 "C, leading to growth rate about 1-
2mmh " These ingots were 2.5 inches in diameter and 12 mmin length and the resulting wafer
presented monocrystalline zones (5-7 mm) [91].

Vaudo et al. [92-94] realized GaN boules for ATMI, Inc. by Hybride Vapor Phase Epitaxy (from
chloride gallium at 900-1100 °C) using HVPE-GaN layer as a substrate. The growth rates were
lower in the range 0.05-2 mm h™'. Their dimensions were 30 mm in diameter and 5 mm in
thickness. The value of the FWHM of the (000 4) peak was 38 arsec [93] and the dislocation
density was rather low (10~ *cm %) 951, revealing a good crystalline quality. The authors
assuming that the dislocation density could be reduced using their own wafer as substrates [94].
Sumitomo electric also announced the fabrication of two inch GaN wafers with quite low (10°-
10° em ) dislocation density areas about 500 pm in diameter. The free electron concentration
was about 2 x 10" cm and the resistivity less than 2 x 10 2 () em. No detailed were however
given about the fabrication process.

The development of GaN in both routes bulk growth and thin film epitaxial growth techniques

film appear an important challenge involving different domains of applications, (electronics for high
power, high temperature applications [96]. optelectronic devices [97], spintronic applications [98]). In
addition during these last years a lot of research activity was trapped both by the preparation of GaN
nanocrystallites, different applications requiring nano particles with a high crystalline quality and an
appropriated shape (nano-wires (1D), nanoplatelets (2D), nanocube (3D) or the GaN deposition of thin
films [99-112]).

new

Consequently GaN and the derived materials would be one of the key materials for developing

devices.
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