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a b s t r a c t

GaN crystals are successfully obtained through solid-state metathesis (SSM) reaction between sodium
gallium oxide (NaGaO2) and boron nitride (BN) under high pressure and high temperature. X-ray diffrac-
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tion (XRD) pattern indicates that the attained GaN crystals possess a hexagonal wurtzite-type structure.
Scanning electron microscopy (SEM) is used to estimate the size and morphology of GaN crystals, and
results show that GaN grains with the size over 100 �m can be prepared at 5 GPa and 1600 ◦C. Moreover,
pressure–temperature (P–T) formation region of GaN has been discussed. Our results suggest a promising
novel route for synthesizing GaN crystals from SSM reactions under high pressure.

© 2010 Elsevier B.V. All rights reserved.
igh pressure and high temperature

. Introduction

GaN has attracted considerable attention as a semiconductor
aterial for fabrication of optoelectronic devices, such as blue or

reen light emitting diodes (LEDs) and violet laser diodes (LDs)
ue to its wide band gap, high thermal stability, and high break-
own voltage [1–4]. Up to now, the growth of GaN crystals has been
xtensively investigated by several research groups using different
reparation approaches mainly including flux growth [5,6], hydride
apor-phase epitaxy [7,8], pressure-controlled solution growth
9], high-pressure ammonothermal growth [10], mechanochem-
cal reaction method [11] and so on. Because of the importance
f application of GaN on optoelectronic industry, the pursuit of
he optimal synthetic route to attain well-crystallized GaN crys-
als has not stopped so far. We are attempting to synthesize high
uality crystals of GaN by using effective methods involving high
ressure. Recently, a high-pressure solid-state metathesis (SSM)
ethod [12,13] has been developed to synthesize GaN crystals

rom LiGaO2 and BN [14]. In spite of its remarkable advantages,
uch as high growth rate, simple assembly and substrate free,

here are still some inevitable disadvantages in this synthetic route.
he precursor LiGaO2 is usually unstable and may decompose
nto lithium-poor phase LiGa5O8 under high temperature [14–16].
he unreacted LiGaO2 and the decomposition product LiGa5O8
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as impurities in the products cannot be easily removed. In the
present work, NaGaO2 and BN as the initial precursors for SSM
reaction are used to synthesize GaN crystals under high pressure
and high temperature (HPHT). Compared with LiGaO2, NaGaO2
will be a better choice to maintain the previous merits and over-
come the aforementioned difficulties. It is because that NaGaO2
does not decompose at our HPHT conditions and easily dissolves
in water, implying that the purification process of GaN crystals
will become simple. By optimizing the P–T conditions, the well-
crystallized GaN crystals with the size over 100 �m are prepared
at 5 GPa and 1600 ◦C. Moreover, forming regions for GaN crystals
are also discussed. Our results not only provide a new method for
synthesizing GaN crystals from the SSM reaction of NaGaO2 with
BN under HPHT but also give us a better understanding of SSM
reactions under high pressure. The method with respect to high-
pressure SSM reaction can also be extended to synthesize other
materials.

2. Experimental procedure

The starting materials for synthesizing GaN crystals are NaGaO2 (synthesized
from Ga2O3 and Na2CO3 at 1100 ◦C for 12 h under ambient pressure, ∼99.99% purity)
and BN (hexagonal BN or cubic BN, ∼99% purity) powders. Before high-pressure
experiments, NaGaO2 and BN powders were compacted into a disk shape of 8.0 mm
in diameter and 6.0 mm in height, respectively. And the disk was placed in a capsule

made of hexagonal BN (hBN) or Mo with a sandwich-like configuration, and then
contained in a pyrophyllite high-pressure cell [14]. This cell assembly was put into
a high pressure furnace chamber [17]. HPHT experiments were performed on a
DS6×8 MN cubic press [17,18]. The experimental details were described elsewhere
[14,19,20]. The samples were first pressurized to a certain pressure, and then heated
to a desired temperature for 30 min. Before decompression, the samples were
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ig. 1. XRD pattern of the sample formed from SSM reaction between NaGaO2 and
BN at 5.0 GPa and 1600 ◦C for 30 min.

uenched to room temperature with the cooling rate about 2 ◦C/s. The recovered
amples were cleaned in water and alcohol with an ultrasonic washer before
xamination by X-ray diffraction (XRD), scanning electron microscopy (SEM), and
nergy-dispersive X-ray analysis (EDXA).

. Results and discussion

At first, we tried to use NaGaO2 and hBN as the starting materi-
ls to synthesize GaN crystals under HPHT. In this reaction, NaGaO2
nd hBN were as the precursors to provide gallium and nitro-
en resources, respectively. When the reaction between the two

ompounds was occurred under HPHT, the massive yellowish crys-
als were found to grow on the interface of two precursors after
andwich-like precursor layers were separated and washed by the
ure water and alcohol. Fig. 1 is the XRD pattern of the sample
rowth surface. The major diffraction peaks are well indexed based

ig. 2. SEM images of the samples prepared at 5.0 GPa and 1600 ◦C for 30 min. (a) and (b),
c) and (d), GaN crystals formed by the SSM reaction between NaGaO2 and cBN in the cro
pounds 509 (2011) L124–L127 L125

on a hexagonal cell with a = 3.189 Å and c = 5.186 Å (ICCD-PDF NO.:
50-0792), implying the attained yellowish crystals are GaN crystals.
Note that these GaN crystals exhibit a highly (0 0 2) preferred orien-
tation, indicating the basal plane of crystals as c-plane. Besides the
phase GaN, the other phase hBN is also found under the resolution
of the X-ray diffractometer. XRD pattern contains only two phases
(GaN and hBN) because the unreacted NaGaO2 powder and the
byproduct sodium metaborate (NaBO2) were removed in washing
process. Obviously, gallium and nitrogen of GaN come from NaGaO2
and hBN, respectively. This also suggests that GaN is the product of
the exchange reaction between NaGaO2 and hBN. Therefore, the
reaction should be a high-pressure SSM reaction and explained as
the equation NaGaO2 + BN = GaN + NaBO2, which is similar to the
reaction of LiGaO2 with BN under HPHT [14].

SEM was used to investigate the size and morphology of GaN
crystals. Prominent features observed are presence of well defined
grains shown in Fig. 2(a)–(d). To get initial appearance of GaN crys-
tals, fracture surface of the samples was observed directly by SEM
without taking any further treatment. The fracture surface images
of the sample formed from SSM reaction of NaGaO2 and hBN are
shown in Fig. 2(a) and (b). There mainly exist two strikingly dif-
ferent regions of the images which reflect morphologies of GaN
and NaGaO2. And the corresponding regions are marked as GaN or
NaGaO2 (confirmed by EDXA). The well-crystallized GaN crystals
have a wurtzite-type structure, which is in good agreement with
XRD measurement. Combined with XRD in Fig. 1, it indicates that
the c axis is the preferential growth direction of GaN crystals under
high pressure. As shown in Fig. 2(a), the biggest crystal dimension
along the c axis direction can be over 100 �m, while the dimension
along other crystallographic orientation is only ∼50 �m. Fig. 2(b)

shows a closed image of the GaN crystals prepared at 5.0 GPa and
1600 ◦C for 30 min. Moreover, EDXA reveals that the main element
components of the crystals are Ga and N, which further indicate that
the obtained crystals are GaN. GaN crystals were also attained when
cubic boron nitride (cBN) was used as the nitrogen precursor for

the fracture surface of the sample prepared from SSM reaction of NaGaO2 and hBN.
ss-section.
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Fig. 3. Forming region for GaN crystals by the SSM reaction of NaGaO2 with BN under
high pressures and temperatures. Inverse triangle indicates the experimental con-
ditions at which GaN can be detected by XRD. Rhombus represents the pressure and
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emperature (P–T) conditions at which GaN crystal fails to form. The dashed line is
he boundary line of synthesizing GaN crystal, and the solid line is the decomposition
ine for GaN from Ref. [21].

etathesis reaction under the same synthetic conditions. In order
o get rid of unreacted NaGaO2, the sample was washed by pure dis-
illed water and alcohol. As shown in Fig. 2(c), these GaN crystals are
ifferent from those prepared from hBN precursor in morphology,
nd also possess a wurtzite-type structure and exhibit well-defined
rains with the size range from several micron to 30 �m. Fig. 2(d)
resents a closer SEM picture of the GaN crystals synthesized from
aGaO2 and cBN at 5.0 GPa and 1600 ◦C. It can be readily seen that

hese crystals have clearly visible grain boundaries. Compared with
BN and cBN situations described above, it suggests that GaN crys-
al growing rate may be related to the polytypism of BN under
igh pressure. It can be seen that hBN as nitrogen resource is more

avorable for GaN crystal grain growth.
A series of experiments are conducted to investigate the pos-

ibility for the synthesis of GaN crystals through SSM reaction of
aGaO2 with BN under different P–T conditions. Fig. 3 summarizes

he P–T regions for GaN formation. Inverse triangle indicates the
–T conditions at which GaN crystals can be detected by XRD, and
he rhombus represents that GaN crystals fail to form. GaN crystals
an be synthesized at the P–T conditions above the dashed line (as
hown in Fig. 3). The solid line is the decomposition line of GaN.
t high temperature and low pressure, above the solid line, GaN
ill decompose into Ga and N2 [21]. According to our experimen-

al observation, under the pressure below 1.0 GPa and temperature
bove 1100 ◦C, the reaction cannot propagate and a mass of gallium
etal will appear in the sample chamber, which may be caused

y the decomposition of GaN [14]. As can be seen from Fig. 3, the
ynthesis temperature of GaN decreases as the pressure increases
rom 1.0 GPa to 2.0 GPa. We speculate that the pressure increases
he contact between the two precursors, which speeds up the local
eaction. So the synthesis temperature decreases under relatively
ow pressures (1.0–2.0 GPa) in our experiments. This has also been
bserved for some other materials, such as WB synthesis under
PHT [22]. The synthesis temperature of GaN increases when the
ressure is elevated from 2.0 GPa to 5.0 GPa. In this case, a higher
ressure may suppress the nucleation and growth of GaN crys-
als. However, high temperature usually prompts grain growth.
herefore, the dashed line at low pressure (<2 GPa) has a negative
lope and the dashed line at high pressure (>2 GPa) has a positive

lope. And the synthetic dashed line near the solid decomposition
ine may have some discrepancy with the normal synthesis model.
imilar phenomena have also been observed by other researches
14,22–24].

[
[

[
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High pressure served as an effective way can suppress GaN
decomposition up to much higher temperature [21], which means
that GaN crystal can grow up under high temperature and does
not decompose when high pressure is applied. Previous studies
show that the mobility of all species in the reaction is increased
and subsequent reaction can rapidly occur if the temperature at this
point is high enough to melt the byproduct salt [13], which has also
proved in our study. Note that the melting point of the byproduct
NaBO2 is only 966 ◦C at ambient pressure [25], when the tempera-
ture is above the melting point, the mobility of NaGaO2 with BN is
enhanced and the SSM reaction of the two precursors under HPHT
can unceasingly progress. Therefore, we suggest that GaN crystals
are originally in the GaN–NaBO2 solution at HPHT and precipitate
from the melt during quenching [26]. NaBO2 may also be a new
solution of GaN for large single crystal growth. However, further
investigation is still needed to optimize the synthetic conditions of
GaN crystals from SSM reaction at HPHT.

4. Conclusion

In summary, GaN crystals are synthesized through SSM reaction
of NaGaO2 and BN at HPHT. hBN and cBN can all be as nitro-
gen source to synthesize GaN crystals and the bigger crystals over
100 �m in size are attained at 5 GPa and 1600 ◦C by using hBN. The
formation region of GaN is also described as the conditions of high
pressure (1.0–5.0 GPa) and high temperature (1000–1600 ◦C). We
suggest that GaN crystals are originally in the GaN–NaBO2 solution
and precipitate from the melt during quenching. NaBO2 may also
be a new solution of GaN for large single crystal growth. The results
indicate a potential new route not only for preparing GaN crystals
through SSM reaction under HPHT but also for other materials.
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