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Preparation of gallium nitride from gallium-magnesium alloy powders

Guojun Yan, Changming Yan, Yu Qiu, Minmin Cun, Liyu Wang and Yin Liu

School of Material Science and Engineering, Xi'an University of Technology, Xi'an, People’s Republic of China

ABSTRACT

Ga-Mg alloy powders were introduced to synthesise GaN powders with flowing ammonia. When
the magnesium percentage in the alloy was 25 wt-% or below and the reaction temperature
was about 750°C, all Ga atoms in the alloy were transformed into GaN, and the diameter of the
GaN powders was about 40 nm. For the Ga—Mg alloy powders with a diameter ranging from
37 to 75 um ammoniated at 750°C, only 3 h were spent to transform all the Ga atoms into GaN,
indicating that the strategy suggested in this study was effective to produce GaN powders.

Introduction

GaN has a wurtzite structure with a wide direct band
gap of 3.4eV at 300K [1-3]. This material has been
applied in light-emitting devices, such as blue, near
ultraviolet, violet light-emitting diodes and laser diodes
[4-8]. GaN powders can be used as a precursor mate-
rial for growth of 1-D GaN nanodevices [9], GaN films
and bulk GaN single crystals [10] (an optimal sub-
strate for the GaN film to be grown on by molecular-
beam epitaxy or metal-organic chemical vapour depo-
sition). GaN nanopowders can also be used directly
in nanosized devices for the applications requiring
quantum dot (QD) or other size-dependent compound
properties [11].

Two methods to prepare GaN powders have been
established. In the first technique, the powders are
obtained via the reaction between ammonia and lig-
uid metal gallium [12-15]. In the process, there is a
dense film covering on the whole surface of liquid gal-
lium, which renders the conversion of the residual lig-
uid gallium into GaN difficult and inefficient. In the
second method, the GaN powders are manufactured
via a reaction between gallium compounds (such as
GaO,H [16], Ga,O3 [17] and GaCl; [18]) and ammo-
nia or nitrogen. Using fine gallium compound pow-
ders as reactants facilitates the large-scale production
of high-purity GaN powders but involves large costs
because the gallium compound comes from gallium
metal. Thus, if the big block of liquid gallium is sub-
stituted with fine gallium powders, GaN produced by
directly ammoniating elemental Ga may be convenient
and effective.

Alloying is a common approach to convert liquid
gallium block into gallium powders. The elements Mg,
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Li, Y, and Ca are the commonly used alloying elements
for IITIA metals to synthesise their nitrides [19,20].
However, because M,GaN, (M = Mg, Li, Y, and Ca)
is accompanied by GaN in the process of ammoniating
Ga-M alloy [21,22], studies focused on the preparation
of GaN powders by this process are rarely reported. If
MxGaNy can be avoided, GaN may be successfully and
effectively produced by the process.

In this study, the Ga-Mg alloy powders were intro-
duced to prepare GaN powders. The effects of reaction
temperature and magnesium content on the alloy pow-
ders were evaluated, and the conditions were found to
prevent MyGaNy. When the magnesium content in the
alloy was less than 25 wt-% and the reaction temper-
ature was about 750°C, the Mg3GaN3 in the products
would vanish.

Experimental section
Preparation of Ga-Mg alloy bar

A corundum crucible with a capacity of 30 mL was
placed in a resistance-heated furnace and then heated
to 680°C. The weighted liquid metal gallium with a
purity of 99.9 wt-% and a protective agent (a mixture
of MgCl,, KFE, and CaF,) were poured into the cru-
cible sequentially. After 5min, the weighted magne-
sium blocks with a purity of 99 wt-% were pressed into
the liquid gallium and the protective agent was sprin-
kled on the melt surface. When the magnesium blocks
were molten, the melt was stirred, and the protective
agent was sprinkled again on its surface. The melt was
kept for 30 min to allow the composition to melt uni-
formly, then the alloy melt was cast in the cylinder
mould with an inner diameter of 10 mm.
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Preparation of GaN via Ga-Mg alloy ammoniation

The Ga-Mg alloy bar was polished to eliminate the
oxides on its surface, and then broken into powders
with a diameter 35-75 um by grinding it in a mortar.
Subsequently, the powders were poured into a corun-
dum crucible and placed into a vacuum furnace. When
the vacuum in the furnace was pumped to 100 Pa, the
furnace would be filled with ammonia. After the pres-
sure in the furnace reached 1 atm, the flow of ammonia
was adjusted to 1 Lmin~!. The furnace was heated to a
certain temperature and then maintained at that tem-
perature for a designated time. When the temperature
was reduced to room temperature, the products were
filtered with 0.1 M hydrochloric acid and deionised
water sequentially. The remainder was ultimately dried
at 110°C for 1h in a vacuum drying chamber, and
collected for characterisation.

Characterisation of samples

The final samples were characterised by X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), N3
adsorption isotherms, energy dispersive X-ray analy-
sis (EDS), and transient steady-state fluorescence spec-
trometer. XRD analysis was obtained on Damx-rA
(Rigaku) difractometer with CuKa; radiation with a
scanning speed of 8°min~!. The SEM images (second
electron images) and EDS spectrum were recorded on a
JSM-7000F field emission microscope. The N, adsorp-
tion isotherms were taken on a JW-BK100A surface
area and pore size analyser at —195.7°C. The photolu-
minescence (PL) spectrum was obtained using a spec-
trometer (Edinburgh FLS9) with a 325 nm xenon lamp
as light source.

Results and discussion

Figure 1 presents the XRD patterns of Ga-Mg alloy
powders with 15wt-% magnesium. The diffraction
peaks were consistent with those of Ga2Mg and
Ga5Mg2. No other peaks were observed in the pattern,
except for those corresponding to Ga2Mg and Ga5Mg2,
indicating that only Ga2Mg and Ga5Mg2 in Ga-Mg
alloy powders.

Figure 2 presents the XRD patterns of the samples
made from 75Ga-25Mg (wt-%) alloy powders ammo-
niated at different temperatures (950, 850, and 750°C
for 3h). By indexing the peaks in the patterns, the
phases in different samples were marked in the figure.
As the ammoniated temperature changed, the phases in
the samples varied. For the samples obtained at 750°C,
only GaN and MgO existed (MgO was produced by
the reaction of magnesium in the alloy with the oxy-
gen adsorbed on the surface of the alloy powders and/or
the residual O, in the vacuum furnace). At 850°C,
Mg3GaN3 appeared in addition to MgO and GaN.

* Ga, Mg
k
= GaMg,

700 4
soo: "
500
400

300

Intensity (a.u.)

200

100 +

20 60 70 80
E ‘ Ga,Mg JCPDS No. 25-0271
3. \,Hu r AT [IHmH,M\mI dewpiw wot
20 30 40 50 60 70 80
] ‘ Ga,Mg, JCPDS No. 250277
1 “\ I \u“ oy g pasl 5 w

b T ¥ T * T i T ¥ T v 1
20 30

40 g () 50 60 70 80

Figure 1. The XRD patterns of the Ga-Mg alloy powders
(15 wt-% Mq).
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Figure 2. XRD patterns of samples produced from 75Ga-25Mg
(wt-%) alloy powders nitrided at different temperatures ((a) 950;
(b) 850; (c) 750°C.).

The Mg3GaN3 was formed when the Ga-Mg alloy was
ammoniated above 780°C [17,18]. While at 950°C, in
addition to Mg3;GaN3, MgO and GaN, a large amount
of gallium was present. The existence of the gallium was
attributed to the decomposition of GaN above 900°C
[23]. To synthesise GaN, liquid gallium had to be heated
to a sufficiently high temperature in ammonia or nitro-
gen. Moreover, the rate of gallium transformation into
GaN would increase with an increase in heating tem-
perature [9-11]. However, the aforementioned results
lead to the conclusion that an increase in tempera-
ture was not always beneficial to the ammoniation of
Ga-Mg alloy powders in ammonia.

For the samples produced at 750°C, no peaks cor-
responding to gallium or magnesium appeared in its
XRD patterns, suggested that all Ga and Mg atoms in
alloy powders had been transformed into their com-
pounds. Moreover, no apparent peaks corresponding to
Mg3N, and MgzGaN3 were observed in the pattern,
which indicated that both the percentages of MgzN,
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Figure 3. XRD patterns of samples produced from75Ga-25Mg
(wt-%) alloy powders ammoniated at 750°C for 3 h and 850°C for
0.5 h ((a) the unwashed samples; (b) the washed samples).

and Mg3zGaNj3 in the samples were less than the detec-
tion limit (1 wt-%) of the X-ray spectrometer, or their
diffraction peaks were overwhelmed by the peaks cor-
responding to GaN and MgO because of their highly
imperfect crystallisation. The XRD patterns of the GaN
also suggested that the crystallisation of GaN was
imperfect.

To verify whether Mg3zN; and/or Mgz GaN3 existed
in the samples produced at 750°C, another ammoni-
ating process was designed. The alloy powders were
ammoniated at 750°C for 3 h, and then the tempera-
ture was increased to 850°C within 20 min and held
at the same temperature for 0.5h. The XRD patterns
of the samples and its washed samples are shown in
Figure 3. The diffraction peaks were evident and sharp,
thus, phase crystallisation in the samples was perfect.
According to the full width at half maxinum (FWHM)
of the diffraction peaks, the grain size was calculated to
be 40 nm from the Debye-Scherrer formulation. Index-
ing the peaks in the patterns, only one phase — GaN
was found in the washed samples, and two phases —
GaN and MgO were found in the unwashed samples.
Combining the result with the suggestions in Figure
2(c), it can be deduced that when the alloy powders
were ammoniated at 750°C for 3 h, few of Ga atoms
were converted into MgzGaN3 and most of them were
transformed into GaN. In addition, comparing with the
GaN powders produced at 750°C, the crystallisation of
the GaN powders was markedly improved by ammo-
niation. The temperature (750°C) and duration (3 h),
which were needed to convert all Ga atoms in the alloys
into GaN, were less than those needed to convert Ga
or Gay0O3 into GaN. Thus, the process suggested in
the study can be used to prepare GaN successfully and
effectively.

The reason Mg3zGaN3 did not appear in the sam-
ples resulting from ammoniating 75A1-25Mg (wt-%)
at 750°C for 3 h, but appeared in the samples obtained
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Figure 4. XRD patterns of the unwashed samples fabricated
from Ga—-Mg alloy powders with different magnesium percent-
ages ((@ 10wt-% Mg, (b) 20wt-% Mg, () 25wt-% Mg, (d)
30 wt-% Mqg).

at temperatures exceeding 850°C for 3 h has yet to be
determined. The reason may be that the rate of Mg
converted into MgzN; was far smaller than that of it
converted into MgO at 750°C. When Mg was heated
to about 750°C in oxygen and nitrogen, most of Mg
was oxidised into MgO, and scarcely any Mg was left
for Mg3N,. Since no Mg3N, appeared in the process,
no MgzGaN3 would be generated. But at the temper-
ature of 850°C, the rate of Mg converted into MgzN;
increased sharply (from Handbook of Chemical Reac-
tions of Elements [24], when the temperature reached
750°C, the reaction between melted magnesium and
ammonia or nitrogen intensified), many metal Mg was
transformed into Mg3z N3, and then into Mgz GaN3.
The quantity of oxygen which remained in the vac-
uum furnace and/or was adsorbed on the surfaces
of alloy powders was definite, and the quantity of
Mg for MgO was definite. If the Mg content in the
alloy exceeded a certain amount, Mg3;GaN3; might be
obtained by ammoniating Ga-Mg alloy powders at
750°C for 3 h. Figure 4 presents the XRD patterns of
the samples fabricated from Ga-Mg alloys with differ-
ent magnesium percentages (10, 20, 25, and 30 wt-%).
The alloys were all ammoniated at 750°C for 3h and
then at 850°C for 0.5h. The phases in the samples
varied, as could be deduced from indexing the peaks
in the figure. When the magnesium percentage in the
alloy was 25 wt-% or below, the phases in the samples
were GaN and MgO; however, when the magnesium
percentage reached 30 wt-%, Mgz GaN3, in addition to
GaN and MgO, was found in the products. The emer-
gence of Mgz GaNj3 indicated that not all Ga atoms in
the alloy were transformed into GaN. Thus, the mag-
nesium percentage in the alloy must be limited within
25 wt-% to convert all Ga atoms in the alloy into GaN.
Figure 5 represents the secondary electrons SEM
images of GaN samples (produced from 75Ga-25Mg
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Figure 5. SEM images of washed samples with different magnification.

(wt-%) alloy particles) with different magnifications.
As shown in Figure 5(a,b), GaN particles aggregate
together, forming a larger-sized aggregation. Some
small pores (indicated by arrows in Figure 5(b)) are
found among GaN particles. These pores may come
from the MgO which was removed by hydrochloric acid
and deionised water. The morphology of GaN particles
is clearly exhibited in Figure 5(c,d). GaN particles are
approximately spherical, and the size of their diame-
ter is about 40 nm (indicated by the arrows in Figure
5(d)). The specific surface area of the samples produced
from 75Ga-25Mg (wt-%) alloy powders was also mea-
sured using the N; adsorption isotherms conducted on
a JW-BK100A surface area and pore size analyser at
the temperature of —~195.7°C. Figure 6 presents the N3
adsorption/desorption isotherms of samples. By using
the isotherms, the specific surface area of the samples
was calculated to be 12.85m? g~!. On the basis of this
value, the size of GaN particles can be evaluated using
Formula (1):

S-r-p/3=1 (1)

40

w
o
1

—m— desorbed line
—e— adsorbed line

= N N w
o o o o
| I—— 1 1l

Vol.adsorbed (m’/g)
>
1

PP

0

Figure 6. N, adsorption/desorption isotherms of samples at
—195.7°C.

where Sis the specific surface area equal to 12.85m? g1,
r is the radius of GaN particles, and p is the density of
GaN (6.1g cm™?), the radius r can be evaluated and is
about 40 nm. The BET result was consistent with the
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Figure 7. EDS spectrum of the washed samples produced from 75Ga-25Mg (wt-%) alloy powders.

Table 1. EDS analysis of the washed samples.

Element N 0] Mg Ga Total
Wt (%) 14.26 471 3.58 77.45 100
Atom (%) 41.21 11.46 4.06 43.21 100
3500000
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3000000 |
4 423nm
2500000 | 552nm
5 2000000 |
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1000000
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Figure 8. PL spectrum of the washed samples at room
temperature.

findings deduced from the SEM image (Figure 5(d))
and the XRD pattern (Figure 3(b)).

Figure 7 presents the EDS spectrum the washed sam-
ples produced from 75Ga-25Mg (wt-%) alloy powders.
The results showed that Ga, O, Mg and N elements were
found in the samples. The mass and atomic percent-
ages of above elements are shown in Table 1. GaN was
evidently the main component in the washed samples,
the O elements resulted from the oxygen adsorbed on
the surface of the samples [25]. The Mg elements were
likely attributable to the magnesium dissolved in the
GaN samples or the Mg?* adsorbed on the surface of
samples during washing in hydrochloric acid.

Figure 8 exhibits the PL spectrum of the washed
samples at room temperature. It can be seen that there
were three obvious luminous peaks at 423, 470 and
552 nm, respectively. The peak at 423 nm was the result

of the radiation recombination from a shallow donor
level for N vacancies and other lattice defects to valence
band [26]. The peak at 470 nm was caused by the deep
donor level [27]. Meanwhile, the yellow band lumi-
nescence peak (552nm) was attributed to the edge
dislocation density and Ga vacancies [28].

Conclusion

Ammoniating Ga-Mg alloy in the flowing ammonia
was suggested to produce GaN powders, and the effects
of reaction temperature and magnesium content on the
products were evaluated. The main conclusions can be
listed as follows:

(1) When the alloy powders were ammoniated at
750°C, and the magnesium percentage in the alloy
was less than 25 wt-%, all Ga atoms in the alloy
was transformed into GaN, avoiding the presence
of Mg3GaN3 in the products.

(2) The size of GaN powders was about 40 nm when
the alloy powders were ammoniated at 750°C for
3 h and 850°C for 0.5 h.

(3) The temperature and time spent on converting all
Ga atoms in the alloys into GaN were less than
those needed to convert the liquid metal Ga or
Ga, 03 into GaN, thus the process to prepare GaN
powders was successful and effective.

Disclosure statement

No potential conflict of interest was reported by the authors.

References

[1] LiHD, Yang H, Zou G, et al. Formation and photolumi-
nescence spectrum of w-GaN powder. J Cryst Growth.
1997;171(1):307-310.

[2] Musial M, Gosk ], Twardowski A, et al. Nanopowders of
gallium nitride GaN surface functionalized with man-
ganese. ] Mater Sci. 2017;52(1):145-161.



6 (&) G.YANETAL

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

Garcia-Gutierrez R, Ramos-Carrazco A, Berman-
Mendoza D, et al. Photoluminescence enhancement
from GaN by beryllium doping. Opt Mater. 2016;60:
398-403.

Lin ME, Sverdlov BN, Morkoc H. Thermal stability of
GaN investigated by low-temperature photolumines-
cence spectroscopy. Appl Phys Lett. 1993;63(26):3625-
3627.

Morkoc H, Stritr S, Gao GB, et al. Large-band-gap
SiC, III-V nitride, and II-VI ZnSe-based semiconduc-
tor device technologies. ] Appl Phys. 1994;76(3):1363—
1398.

Nakamura S, Mukai T, Senoh M. Candela-class high-
brightness InGaN/AlGaN double-heterostructure blue-
light-emitting diodes. Appl Phys Lett. 1994;64(13):
1687-1689.

Saarinen K, Laine T, Kuisma S, et al. Observation of
native Ga vacancies in GaN by positron annihilation.
Phys Rev Lett. 1997;79(16):3030-3033.

Xiao HD, Ma HL, Xue CS, et al. Synthesis and struc-
tural properties of GaN particles from GaO,H powders.
Diam Relat Mater. 2005;14(10):1730-1734.

Saron KMA, Hashim MR, Allam NK. Heteroepitax-
ial growth of GaN/Si (111) junctions in ammonia-free
atmosphere: Charge transport, optoelectronic, and pho-
tovoltaic properties. ] Appl Phys. 2013;113(12):124304-
124308.

Duan XFE Lieber CM. Laser-assisted catalytic growth
of single crystal GaN nanowires. ] Am Chem Soc.
2000;122(1):188-189.

Janik JE Toward complex Group III(13)-pnictide
nanopowders and their applications. Powder Technol.
2005;152:118-126.

Shibata M, Furuya T, Sakaguchi H, et al. Synthesis of
gallium nitride by ammonia injection into gallium melt.
J Cryst Growth. 1999;196(1):47-52.

Kumar MS, Ramasamy P, Kumar J. Structural stud-
ies on synthesised gallium nitride. J Cryst Growth.
2000;211(1):184-188.

Wu HQ, Hunting J, Uheda K, et al. Rapid syn-
thesis of gallium nitride powder. J Cryst Growth.
2005;279(3-4):303-310.

Bao QX, Sawayama H, Hashimoto T, et al. Powder syn-
thesis and ammonothermal crystal growth of GaN from
metallic Ga in the presence of NH4I. Crystengcomm.
2012;14(10):3351-3354.

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

Cho S, Lee ], Park IY, et al. New simple synthesis route
of GaN powders from gallium oxyhydroxide. Mater Sci
Eng B. 2002;95(3):275-278.

Kano ], Kobayashi E, Tongamp W, et al. Chem-
inform Abstract: preparation of GaN powder by
mechanochemical reaction between Ga, O3 and LizN.
J Alloys Compd. 2008;464:337-339.

Pan GQ, Kordesch ME, Patten PGV. Room-temperature
synthesis of GaN nanopowder. Chem Mater. 2006;
18(23):5392-5394.

Komeya K, Matsukaze N, Meguro T. Synthesis of AIN
by direct nitridation of aluminum alloys. ] Ceram Soc
Jpn. 1993;101:1317-1323.

Hou QH, Mutharasan R, Koczak M. Feasibility of alu-
minium nitride formation in aluminum alloys. Mater
Sci Eng A. 1995;195:121-129.

Hintze F, Johnson NW, Seibald M, et al. Magne-
sium double nitride Mg3zGaN3 as new host lattice
for Eu?* doping: Synthesis, structural studies, lumi-
nescence, and band-gap determination. Chem Mater.
2013;25(20):4044-4052.

Park DG, Dong Y, DiSalvo FJ. Sr(Mg3;Ge)Ny and
Sr(Mg>Ga)Ng: New isostructural Mg-containing
quaternary nitrides with nitridometallate anions of
[(Mg3Ge)N4]2’ and [(Mg,Ga;)Ny]?~ in a 3D-network
structure. Solid State Sci. 2008;10(12):1846-1852.

Lv YY, Wang YH, Xie X, et al. Application of inert
salt-assisted Route to faceted GaN nanorods and
their field emission property. ] Shangrao Norm Univ.
2012;32(3):56-60.

Yao S, Zhu Y, He S, et al. Handbook of chemical reac-
tions of elements. Changsha: Hunan education press;
1998.

Chen K, Li Y, Zhang YC, et al. Preparation of
aluminum nitride power by direct nitridization
method with two additives. Mater Sci Forum. 2016;852:
390-393.

Li JY, Chen XL, Qiao ZY, et al. Photoluminescence
spectrum of straight GaN nanowires. ] Mater Sci Lett.
2001;20(8):757-758.

Zhang DD, Xue CS, Zhuang HZ, et al. Influence
of Mg doping on GaN nanowires. Chenphyschem.
2009;10(3):571-575.

Zhao DG, Jiang DS, Yang H, et al. Role of edge dislo-
cations in enhancing the yellow luminescence of n-type
GaN. Appl Phys Lett. 2006;88(24):241917.



	Introduction
	Experimental section
	Preparation of Ga–Mg alloy bar
	Preparation of GaN via Ga–Mg alloy ammoniation
	Characterisation of samples

	Results and discussion
	Conclusion
	Disclosure statement
	References

