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GaN decomposition is studied at metallorganic vapor phase epitaxy pressures~i.e., 10–700 Torr! in
flowing H2. For temperatures ranging from 850 to 1050 °C, the GaN decomposition rate is
accelerated when the H2 pressure is increased above 100 Torr. The Ga desorption rate is found to
be independent of pressure, and therefore, does not account for the enhanced GaN decomposition
rate. Instead, the excess Ga from the decomposed GaN forms droplets on the surface which, for
identical annealing conditions, increase in size as the pressure is increased. Possible connections
between the enhanced GaN decomposition rate, the coarsening of the nucleation layer during the
ramp to high temperature, and increased GaN grain size at high temperature are discussed.
@S0003-6951~98!03540-2#

GaN has shown great promise for the production of blue
light-emitting diodes,1 lasers,2 and for high-power electronic
devices.3 Improvements in the material quality have played a
critical role in device performance breakthroughs.1,2 The
growth of high-quality GaN films on sapphire can be
achieved using metallorganic vapor phase epitaxy~MOVPE!
at temperatures above 1000 °C and V/III ratios larger than
1000. For MOVPE growth, the temperature is typically
larger ~i.e., 100–500 °C! than the threshold temperature for
GaN decomposition.4 The large V/III ratio is necessary to
offset the N desorption rate at the growth temperature used
for MOVPE growth,5 however, the magnitude of GaN de-
composition, which may occur during growth, is currently
not well understood.

In a previous paper we have suggested that decomposi-
tion of the GaN film during growth may enhance GaN order-
ing, by eliminating weakly incorporated Ga and N atoms.5

Growth conditions closer to equilibrium may be obtained
when the incorporation and decomposition rates of atoms
into the lattice are nearly equal with the incorporation rate
being slightly larger than the decomposition rate for a posi-
tive growth rate.5–7 In this letter, we focus on the GaN de-
composition kinetics in flowing H2. We show an enhance-
ment in the GaN decomposition rate for pressures.100 Torr
and describe how this enhanced decomposition may aid in
improving the quality of GaN growth at these higher pres-
sures.

GaN thermal decomposition has been extensively stud-
ied in vacuum.4,8–12From the previous studies, an activation
energy EA of 3.1 eV was measured for GaN decompo-
sition.9,10 This EA is only slightly larger than theEA of 2.8
eV for Ga desorption from liquid Ga,13 suggesting a possible
link between Ga desorption and GaN decomposition. These
studies showed that GaN decomposes into metallic Ga atoms
and N2 molecules, which both desorb from the surface.11 The
formation and desorption of GaN clusters has also been
observed.12

For this study, GaN films were grown ona-plane sap-
phire at 76 Torr using a close-spaced showerhead reactor
design. After annealing the sapphire wafers in H2 at 1080 °C,
a thin ~'200 Å! GaN nucleation layer was grown at 540 °C
followed by ramping to 1020–1030 °C for growth of 2–3
mm of GaN. This growth process resulted in specular GaN
growth, with excellent across wafer thickness uniformity.
The temperature of the susceptor was calibrated by observing
the melting point of 0.005 in. diam Au wire and correlating it
to the setpoint of the heater measured with a thermocouple.
The temperature calibration in the reactor was found to be
reproducible to within 5 °C after eight months of use.

For the decomposition study, pieces of the GaN on sap-
phire were cleaved and weighed to within 0.1 mg using an
analytical balance. The pieces were reintroduced into the re-
actor and heated under varying conditions using a 6.0 SLM
flow of H2. Each piece was ramped at 25 °C per minute to
the annealing temperature. After annealing for a set time and
cooling, each piece was reweighed in air to determine the
mass loss. Repeated weighing of the same annealed pieces
over time resulted in reproducible weights to within 0.1 mg,
suggesting no net oxidation or water condensation of the
annealed sample. When the pressure is 40 Torr or greater,
liquid Ga droplets were observed. The liquid Ga droplets
were found to be very stable in air. With the liquid Ga cov-
ered surface sitting in air for over a week, the Ga droplets
could be coalesced into larger droplets by touching with a
tweezer, proving the Ga droplets are liquid and not signifi-
cantly oxidized. The Ga droplets were removed using dilute
HNO3 and rinsing with DI water. Each piece was weighed
again. The weight of the GaN decomposed was calculated by
subtracting the final weight from the initial weight. Likewise,
the weight of the liquid Ga droplets was calculated by sub-
tracting the final weight from the second weight. The weight
of desorbed Ga was calculated from the mass balance differ-
ence between the decomposed GaN and the liquid Ga. Fi-
nally, the piece was annealed at 1080 °C to remove the re-
maining GaN. The weights were converted to kinetic rates
~atoms/cm2! by dividing by the sapphire area. The area of thea!Electronic mail: koleske@estd.nrl.navy.mil
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irregularly shaped sapphire pieces was calculated using the
formula A5m/Td, wherem is the weight of the sapphire,T
is the thickness of the sapphire wafer, which was typically
0.033 cm, andd is the sapphire density~3.98 g/cm3!.

The buildup of Ga droplets on the GaN surface is shown
in Fig. 1 for a series of 10 min anneals atT5992 °C at
pressures of~a! 40, ~b! 76, ~c! 150, and~d! 700 Torr. For
pressures less than 40 Torr no Ga droplets were observed,
which is consistent with previous vacuum experiments.8–12

As shown in Fig. 1, there is a noticeable increase in the size
of the largest Ga droplets as the pressure is increased from
76 to 150 Torr. The droplets are formed because the GaN
decomposition rate exceeds the Ga desorption rate from the
surface. The droplet size distribution suggests coalescence-
dominated growth of the Ga droplets, similar to Ga droplet
formation on GaAs when it is annealed above 600 °C.14

The surface Ga accumulation~droplet! rate, along with
the GaN decomposition and Ga desorption rates are plotted
in Fig. 2 as a function of pressure. Figure 2~a! shows the
rates at 992 °C and Fig. 2~b! shows the rates at 901 °C. It is
clear from Fig. 2~a! that the GaN decomposition rate~filled
circles! increases as the pressure is increased. Furthermore,
the surface Ga accumulation rate~open squares! increases as
the pressure increases and appears to correlate with the in-
crease in the GaN decomposition rate. The Ga desorption
rate~filled diamonds! changes slightly as a function of pres-
sure, peaking near 100 Torr. We speculate that this small
increase is due to the liquid Ga surface area to volume ratio,
which is maximized from 76 to 150 Torr and decreases as
the size of the Ga droplets increase.

An Arrhenius plot of the Ga desorption ratekGa is shown
in Fig. 3. The data for Fig. 3 were measured at 40, 76, 150,
and 250 Torr. An exponential fit yields a preexponential of
(6.660.4)31029 cm22 s21 and an activation energyEA,Ga of
2.7460.02 eV. This value forEA,Ga is in excellent agree-
ment with the value of 2.8 eV for Ga desorption from liquid
Ga,13 and 2.69 eV for Ga desorption from GaN in vacuum.15

It appears that the Ga desorption rate is independent of H2

pressure and depends solely on the liquid Ga surface area.
A more dramatic increase in the GaN decomposition rate

is observed at a temperature of 901 °C as shown in Fig. 2~b!.
The annealing times for the data at 40 and 76 Torr were 45
and 60 min, while for the other pressures the annealing time
was 10 min. As shown in Fig. 2~b!, there is almost an order
of magnitude increase in the GaN decomposition rate as the
pressure is increased from 76 to 150 Torr. As in Fig. 2~a!, the
increase in the GaN decomposition rate correlates well with
the increased Ga surface accumulation. A similar increase in

the GaN decomposition rate is also observed at temperatures
as low as 800 °C.

Currently, we do not understand the mechanism for the
enhanced GaN decomposition as the pressure is increased.
Clearly, from Fig. 2 the GaN decomposition rate coincides
with the increase of liquid Ga on the surface, however, it is
not clear if the Ga accumulation is the cause or a result of the
enhanced decomposition. Ga metal is known to dissociate H2

at high temperatures to form Ga hydrides,16 which may be
more mobile on the surface. This has been observed by Mor-
ishita and co-workers, who have shown that the Ga diffusion
length is increased when H2 or atomic H are used in the
molecular beam epitaxy growth of GaAs.17 In their interpre-
tation of the increased Ga diffusion length, Morishitaet al.
speculated that the GaHx species are more weakly bound to

FIG. 1. Ga droplets on the GaN surface after annealing at 992 °C for 10 min at pressures of~a! 40 Torr,~b! 76 Torr,~c! 150 Torr, and~d! 700 Torr. Note the
increase in size of the Ga droplets above 100 Torr. All images are the same scale with the bar on~d! indicating 100mm.

FIG. 2. Plot of the GaN decomposition rate~solid circles! at various pres-
sures at~a! 992 °C and~b! 901 °C. The Ga desorption rate~solid diamonds!
and the rate of Ga accumulation~open squares! on the surface during the
anneal are also plotted.
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the surface, and therefore, can diffuse farther before
incorporation.17 The implication for the present study is that
any increase in the Ga diffusion length would more rapidly
uncover new areas of the GaN surface for N2 desorption,
which is 10–1000 times faster than the Ga desorption.5,15

The active dissociation of surface H2 may also occur on the
highly polar GaN surface, and this may be enhanced at high
pressures. Also, liquid Ga has recently been suggested to act
as a catalyst to initiate and enhance GaN decomposition.18

Further studies are underway to access the mechanism of the
enhanced GaN decomposition.

One major impact of this study on the growth of GaN in
our reactor is that the material quality is substantially im-
proved when GaN growth is conducted above 100 Torr.
When the GaN epitaxial layer is grown above 100 Torr, we
find a near doubling of the mobility (m.500 cm2/V s for
intentionally Si-doped films with n52 – 331017 cm23)
compared to growth at 76 Torr. Other groups using close-
spaced or high-speed rotating disk reactors have also re-
ported improved electric properties when their GaN epitaxial
growth is conducted above 100 Torr.19,20 In the films grown
above 100 Torr, the GaN grain size is increased to 2–5mm
compared to grain sizes of,1 mm for growth at 76 Torr.
The reasons for the increased grain size are twofold and may
be related to the enhanced GaN decomposition that occurs at
higher pressures. It is known that during the temperature
ramp from the nucleation layer to epitaxial growth condi-
tions, the nucleation layer coalesces to form larger grains21

with increased roughness.22 If the ramp is conducted at high
pressures, the nucleation layer grain may coalesce to a larger
extent than at lower pressures. This increased coalescence is

shown in the atomic force microscope data of Ref. 20 for a
nucleation layer annealed at 100 Torr vs 140 Torr. In addi-
tion to increasing the nucleation layer coalescence, the en-
hanced GaN decomposition rate may aid in the ordering of
the epitaxial film by increasing the decomposition and incor-
poration rates,7 bringing the growth closer to equilibrium.6

Studies are underway to determine the pressure influence on
the coarsening of the nucleation layer before high-
temperature growth. This study illustrates a possible major
difference between reduced and atmospheric MOVPE GaN
growth.
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FIG. 3. Arrhenius plot of the Ga desorption rate measured at four different
pressures versus the inverse temperature. All data are fit bykGa5(6.6
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