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1. Introduction
AN/Gaf.I or AlGaI.I/Gal.I heterostructures and

superlattices (SLs) with high Al compositions have
athacted much attention recently for applications to
heterostructure field effect ffansistors [1], optical devices
using the intersubband transition at the communication
wavelengttl [2], and resonant tunneling diodes [3], due
to their high band offset and large polarization effect.
Flat heterointerfaces and control of the Al composition
are key factors for those devices; however, there are
difficulties in growth of flat and uniform AIN layers on
GaI{ by metalorganic vapor phase epitaxy (MOVPE).
The parasitic reaction of ammonia (NHs) and trimethyl-
aluminum (TVIA) in vapor phase makes it difficult to
control the Al compositions precisely. Usually high
growth temperatures exceeding 1100"C are needed in
order to grow directly high quality AIN on silicon
carbide (SiC) [5,6] or sapphire substrates [7]. But such
high temperature growth is not practical on GaN due to
the surface etching problem.
Flow-rate modulation epitaxy (FME) is a growth

method in which group IIf sources and group V sources
are supplied alternately t8l. h this work, we applied
FME for the fabrication of AIN/Ga}.I heterostructures
and compared the AIN flatness and Al composition
control with those achieved when the sources are
simultaneously supplied. The results indicate FME is an
effective growth method for the fabrication of high
quality AIN/GaN heterostructures and SLs with flat
interfaces.

2. Experimental
AIN/Ga}I was grown by horizontal MOVPE. Growth

pressure was 300 Torr. Gal.I template layers were grown
on c-plane sapphire substrates. Trimethylgallium (TMG),
TMA and NH3 were used as the precursors for Ga, Al
and N. In FME, one cycle of AIN growth consists of l-
or 2-sec supply of TMA and l-sec of NH3. There was no
growth intemrption between the TMA and NH3 supply.
The growth rate of AIN was estimated by in-situ optical
reflection monitoring with a He-Ne laser (632.8nm). The
Al compositions in Alcaf'{ were measured by a
20-to scan in x-ray diffraction (XRD). The surface mor-
phologies of AIN on Gal.{ were observed by atomic
force microscopy (AFM).
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Fig. l. NH3flow-rate dependence of AIN growth rate.

3. Results and discussion
Firstly, we compared the AIN growth rate between

FME and the simultaneous supply. Figure I shows the
NH3 flow-rate dependence of the AIN growth rate at the
constant TMA flow-rate of L.2 pmoVs. The growth rate
of AIN grown by FME was about 0.3 A"/s, which was
three times higher than for the simultaneous supply. It is
considered that the Al atoms are taken into solid phase
from TMA more efficienfly in FME, as a result of
reducing the reaction between TMA and NH3 in'vapor
phase.

The reduction of the reaction between TMA and NH3
by FME was also confirmed in the control of Al
compositions of AlGaIrI. Figure 2 shows the dependence
of Al compositions on the TMA ratio in the vapor phase
for the simultaneous supply with H2 carrier gas, FME
with H2 carrier gas, and FME with N2 carrier gas. Al
compositions were saturated at about 40Vo by the
simultaneous supply due to the reaction of TMA and
NHs. This is a commonly observed phenomenon in
AIGaN MOVPE. On the other hand, the saturation of Al
compositions was not observed at the FME growth with
either carrier gas due to the reduction of the reaction
between TMA and NH3. However, the Al compositions
are much higher wittr H2 canier gas at the same vapor
phase ratio. It has been reported that H2 gas etches the
GaIlI surface [9]. So Ga atoms evaporate at the moment
when group Itr is supplied without NH3 flow. With N2
carrier gas, Al compositions nearly equal the vapor
phase ratio. The evaporation of Ga atoms was sup-
pressed in N2-FME. The higher growth rate of AIN and
the good controllability of Al composition in AlGalI

514



'it/; i
lia ..4.,i

fi ,:
-/ ', i i Ta -.r^rvrcr^

'o Simultaneous

i i : Ts=1000'C

0.2 0.4 0.6 0.8 1.0

Vapor phase ratio I Funl 1
UTMGFrn.,|TIJ

Fig. 2. Dependence of Al composition on the TMA ratio
in the vapor phase

achieved in FME clarify that FME is suitable for the
growth of AIN and AlGal.I.
Next, the stnrctural properties of FME-grown

AIN/Ga}I heterostructures were studied. AIN was gf,own
on Gal'{ by FME and simultaneous supply at 1000oC.
The thickness of AIN was fixed at about 34 nm, which
is nearly the critical thickness of AIN on Gal.I t101.
Figure 3 shows AFM images of AIN surfaces. The
surface of AIN grown by the simultaneous supply is
rough, consisting of islands about 50nm in diameter. In
contrast, the AIN by FME has a flat surface on which
atomic monolayer steps can be seen. The island growth
of thin AIN on Gal.I has already been reported for the
simultaneous supply [11]. Three possible reasons for
threedimensional growth are the lattice mismatch of
2.4% between AIN and GaNT, increases in Vlm ratio due
to the reaction between TMA and NH3 and the short
migration length of Al atoms due to the large bond
sfrength of AlN. FME overcomes the disadvantages of
simultaneous supply with respect to the second and the
third reasons. FME suppresses increases in V/Itr ratio by
reducing the reaction in the vapor phase. The monolayer
steps seen on FME-AIN surfaces suggest a long
migration length in FME growth.

AIN/Ga}.I SLs were also fabricated. Satellite peaks up
to the 4th order were clearly seen in XRD measurements
for l0-periods of AIN (3nm)/GaNI Q2nm). This indi-
cates abrupt heterointerfaces were formed by FME.
Strained SLs could make dislocations bend laterally and
thereby lead to a reduction of the threading dislocation

tlzl. Gaf.I was grown on AIN/Ga}I SLs and the
dislocation densities were estimated by the erch pit
density (EPD). There was less of reduction of dis-
location densrty in the case of simultaneous supply. This
may be due to the existence of the pits on the surface, as

observed in Fig. 3. Considering the pit density (1.2 x l}e
cm-2), the pits originate from dislocations. The pits
relaxed the interface strain around the dislocations; the
dislocations are not bent effectively and propagate easily

FME Sf,nultaneous

Fig. 3.4nm-AlN surface morphologies on Gal'{ observed
by AFM. Arrows denote pits originating from the
threading dislocations.

to the surface in the AIN/GaI{ SLs grown by simul-
taneous supply. In contrast, EPD was reduced to about
ll2 by FME; few pits are observed in the FME-AIN
surface.

4. Conclusions
AIN/Ga}.I heterostructures and SLs were grown by

FME. The reaction between TMA and NH3 were much
reduced by FME. The growth rate became faster and the

control of At composition in AIGaNI was much
improved compared to the simultaneous supply. The
surface of FME-grown AIN on GaN was flat. The
AIN/GaNI SLs grown by FME have abmpt and flat
heterointerfaces and reduced dislocation density.
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