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High indium incorporation in the growth of InGaAs on (100)
GaAs by precursor alternating metalorganic
chemical vapor deposition
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Abstract - High indium incorporation was observed in InGaAs growth by precursor alternating metalor-
ganic chemical vapor deposition (PAMOCVD). A possible mechanism of high indium incorporation into
the crystal in PAMOCVD was proposed by considering the decomposition products of gallium and in-

dium precursors, and thus the different adsorption behavior of the decomposed precursor molecules.
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I. Introduction

In,Ga, As is an important material for electronic
InGaAs/InP based material
system can be used for high electron mobility

and optical devices.

transistors (HEMTs) [1] and for semiconductor las-
ers in the infrared range of the optical spectrum
[2). InGaAs/GaAs is also an important material
system. If the thickness of the InGaAs on GaAs
does not exceed the critical layer thickness, the lat-
tice mismatch between InGaAs and GaAs sub-
strate can be elastically accomodated. ‘With this
strained layer technology, InGaAs/GaAs can be
used in fabricating InGaAs/GaAs pseudomorphic
HEMTs [1] and InGaAs/GaAs strained layer lasers
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[2]. Molecular beam epitaxy (MBE) and metalor-
ganic chemical vapor deposition (MOCVD) are
two most important techniques to grow InGaAs it-
self and InGaAs-related materials [3]. Due to high
throughput and large area uniformity, MOCVD
can be considered as the production tool for the fa-
brication of electronic and optical devices made of
InGaAs based III-V compound semiconductors.
Trimethylgallium (TMGa), trimethylindium (TMIn),
and arsine (AsH.) are one of the most widely used
combinations of precursors for MOCVD growth of
InGaAs, and there are many reports on MOCVD
growth of InGaAs using TMGa, TMIn, and AsH,
as the precursors [4].

Precursor alternating metalorganic chemical va-
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por deposition (PAMOCVD) is a modification of
MOCVD, in which, in case of InGaAs growth,
group III precursors, TMGa and TMIn, and the
group V precursor, arsine, are alternatively ex-
posed to the substrate. If PAMOCVD growth is
performed in a self-limiting regime, in which the
growth rate is saturated at 1 monolayer per cycle,
it is called as atomic layer epitaxy (ALE). Several
advantages such as low temperature growth and
high dopant-incorporation [S] made PAMOCVD
and/or ALE important techniques in the fabrication
of HI-V compound semiconductors. With separate
supply of group IIl precursors and group V pre-
cursors, and thus less gas phase parasitic reactions
between group III and V precursors, PAMOCVD
can be usefully used in InGaAs growth, in which
thickness and composition uniformity is very dif-
ficult to achieve by MOCVD due to the parasitic
gas phase reaction of TMIn and AsH,. Compared
with MOCVD, PAMOCVD (or ALE) shows less
gas phase parasitic reaction of TMIn and arsine,
and thus offers higher composition uniformities [6].
Composition control of ternary alloys such as In-
GaAs is very important for the fabrication of dev-
ices, and it is necessary to investigate the in-
corporation behavior of constituent atoms into the
growing crystals. In this paper, high indium in-
corporation in PAMOCVD growth of InGaAs is
reported, and the possible mechanism of high in-
InGaAs

dium incorporation in growth by

PAMOCVD is suggested.
II. Experiments

The growth of In.Ga,,As epitaxial layers was
performed in an atmospheric pressure PAMOCVD
system, which is described in detail in Ref. [7].
Trimethylgallium (TMGa) and
(TMIn) were used for gallium and indium metalor-

trimethylindium

ganic precursors, respectively. The precursors were
mixed, and then introduced into the reactor

through the column III inlet of the reactor. Arsine

(AsH,, 100%) was used as an arsenic source and
was introduced into the reactor through the
column V inlet. The central flow was maintained
to prevent intermixing of column III and column
V precursors. Rotation made the substrate exposed
alternatively to TMGa+TMlIn flux and to AsH,
flux. The graphite susceptor was heated by RF-in-
duction. Thicknesses of grown layers were measur-
ed by optical microscope and confirmed by
transmissiom electron microscope (TEM). The
composition of the grown InGaAs layers were
measured by x-ray diffr.ction. Hall technique was
used to measure types and concentrations of car-
riers in the grown layers.

III. Results and discussion

Figures 1(a) and 1(d) show variations of com-
positions x (x%) and growth rates g, respectively,
of InGa,As layers grown by PAMOCVD with
the molar ratio of TMIn/(TMGa+TMIn) in gas
phase, which can be denoted as x'. Thicknesses of
grown layers were around 1 um. The left and right
vertical axes refer x and g, respectively. The
growth temperature was 48('C, and the total molar
flow rate of TMGa and TMIn precursors was kept
at 1.2x 10" moles/min. Arsine (100%) flow rate
was fixed at 4.1 x 10" moles/min. The substrate ex-
posure time to TMGa+TMIn, which was 0.2 sec,
was the same as the exposure time to AsH.. As x’
was varied from 0.26 to 0.5, x* increased from 0.60
to 0.97. As x* increased, the growth rate g, also in-
creased. The dark circle denoted as (b) in figure 1
shows the x* versus x* data for In,, Ga,.,As grown
by MOCVD at 540°C, which is from Ref. [8]. Ex-
perimental data for lower growth temperatures
were not available since it is almost impossible to
grow InGaAs of good quality at the growth tem-
perature lower than 540°C by MOCVD. From the
comparison of (a) and (b) of figure 1, it can be
found that, for In.Ga, As with x in the range of
indium

our experiments, the incorporation in
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Fig. 1. variations of compositions x (x*) (a) and growth
rates g (d) of InGa, As layers grown by precursor al-
ternating metal-organic chemical vapor deposition
(PAMOCVD) with x. TMIn+TMGa and arsine ex-
posure time was 0.2 sec, and arsine (100%) flow rate
was fixed at 4.1X10* moles/min. The dark circle (b)
shows the x* versus x data for In,.Ga,,As grown by
MOCVD at 540C, which is from Ref. [8]. The dark tri-
angle (c) shows x* versus x* data obtained with an ex-
trapolated k, value of In,..Ga,.,As grown by MOCVD at
480°C, which can be estimated from Ref. [8].

PAMOCYVD is much higher than in MOCVD i.e.
PAMOCVD of InGaAs has a much larger in-
dium distribution coefficient, which is defined as
k.=x/x", than MOCVD of InGaAs. The reason
for this high indium incorporation can be at-
tributed first to the lower growth temperature
used in the PAMOCVD growth since k, in-
creases as the growth temperature decreases [8].
The lower growth temperature, however, is not
considered to be the main cause of the difference
between indium distribution coefficients of
PAMOCVD and of MOCVD. The dark triangle de-
noted as (c) in figure 1 shows x* versus x* data ob-
tained with an extrapolated k., value of In,.,Ga,.As
grown by MOCVD at 480°C, which can be es-
timated from the data in Ref. [8]. Compared even
with an extrapolated data for the MOCVD growth
at 480°C, the indium incorporation of PAMOCVD
is much higher than that of MOCVD. This means
that the low growth temperature in PAMOCVD is
not the main cause of the high indium incorpora-
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Fig. 2. variation of growth rates of InAs.with TMIn
flow rates. TMIn and arsine exposure time was 0.2 sec,
and arsine (100%) flow rate was fixed at 4.1 x 10 moles/
min.

tion. Since MOCVD is done mostly in the mass-
transport limited reaction regime, the composition of
the growing crystal is mostly determined by the ra-
tio of decomposed precursor molecules on the
growth surface. PAMOCVD, however, is mainly a
the de-
termination of the composition of the growing cry-

surface-reaction limited process, and
stal involves complicated surface reactions. The
main reason why the incorporation of indium into
the growing crystal is higher in PAMOCVD than in
conventional MOCVD can be possibly investigated
by considering the difference in reaction of TMGa
and TMIn with the growth surface. Since the
PAMOCVD is mostly surface-reaction limited pro-
cess, identification of decomposed products from
TMGa and TMIn precursors can be important in
understanding the incorporation process of indium
and gallium atoms into the growing crystal. To find
the difference between TMIn and TMGa decom-
position processes, atomic layer epitaxy of InAs and
GaAs was performed using TMIn and TMGa,
respectively. The group V precursor was AsH, for
both cases. Figures 2 and 3 show the variation of
growth rates of InAs and GaAs, respectively, with
corresponding precursor flow rates. Thicknesses of
grown layers were around 1 pm. In case of InAs
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Fig. 3. variation of growth rates of GaAs with TMGa
flow rates. TMGa and arsine exposure time was 0.2 sec,
and arsine (100%) flow rate was fixed at 4.1 10* moles/
min.

growth at 480°C, the growth rates were saturated at
one morolayer per cycle in the TMIn flow rate of 5.
0-6.0x 10° moles/min, while the growth rate of
GaAs growth at 480°C was less than 1 monolayer
per cycle. In case of GaAs growth, the growth rates
started to reach 1 monolayer per cycle only at
530°C, at which a region of the growth rate sa-
turation was found. According to the model of
GaAs ALE proposed by Nishizawa et al. [9], the oc-
currence of growth rate saturation depends on
species of gallium containing molecules on the
growth surface.

They proposed that the species on the surface de-
pends on the growth temperature, and the growth
rate safuration occurs when monomethylgallium
(MMGa) covers the growth surface, while growth
rate is less than one monolayer per cycle when di-
(DMGa) and/or
(TMGa) cover the growth surface due to the large
molecular sizes of DMGa and/or TMGa. With the
assumption that the same model can be applied to
the growth of InAs using TMIn and AsH,, it can be
suggested that the suface-covering species in InAs
ALE at 480°C is monomethylindium (MMIn), while
that in GaAs ALE at 480°C is dimethylindium
(DMGa) and/or trimethylgallium (TMGa). Since

methylgallium trimethylgallium

atomic wells

TMGa or DMGa
does not adsorb
on this site

V

MMIn adsorbs on this site

(®)

Fig. 4. Schematics of “atomic wells” on the growth sur-
face (a) and the interaction of gallium- and indium-con-
taining molecules with the surface (b). In (b), smaller
MMIn can adsorb on the “atomic well” site while larger
TMGa and/or DMGa cannot adsorb on “atomic well’
sites because they are too large to adsorb on the “atomic
wells” .

DMGa and TMGa molecules are much larger than
MMIn, it is much more difficult for DMGa and
TMGa molecules to be adsorbed on the growing sur-
face, especially at “atomic wells’ as shown in fig-
ure 4, than for the MMIn molecules. The density of
“atomic wells” on the growth surface can be quite
large. DMGa and TMGa are bigger molecules and
gallium in DMGa or TMGa adsorbs on every sev-
eral lattice-sites [9]. Lattice-sites all of whose closest
neighbor lattice-sites are occupied by DMGa or
TMGa may not have any gallium- or indium-con-
taining species adsorb on them. Accordingly, after
gallium from the adsorbed DMGa or TMGa molec-
ules incorporated into the crystal through the reac-
tion with subsequently supplied AsH, many atomic
wells can be formed on the lattice-sites which were
surrounded by lattice-sites having DMGa or TMGa
on. The “steric hindrance” effect [10] on DMGa
and/or TMGa adsorptions on the growth surface,
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especially on the “atomic well” sites, can result in
much less incorporation of gallium into the growing
crystal, and thus in much higher indium in-
corporation into the crystal. In case of MOCVD, in
which TMGa, TMIn and AsH, are introduced into
the reactor simultaneously, TMGa and/or DMGa
may react with arsenic-containing molecules, and
gallium atoms may have more chance of in-
corporating into the crystal. Easier adsorption of in-
dium-containing molecules on the growth surface
than that
PAMOCVD can also explain the experimental

of gallium-containing molecules in

result of growth rate (g) increase with the increase
of x*. Higher adsorption of indium-containing molec-
ules, which occupy smaller area of the growth sur-
face than gallium-containing molecules, will lead to
the increase of total number of indium- and gallium-
containing molecules, resulting in higher growth
rates. More works such as in situ identification of
molecular species on the growth surface are needed
to clarify the mechanism of the high indium in-
corporation in PAMOCVD of InGaAs at 480°C. As-
grown samples showed n-type conductivity with
concentrations around 1x 10" cm™.

IV. Summary

PAMOCVD was used to grow InGa, As. In
PAMOCVD growth performed at 480°C, indium
incorporation into the growing crystal was much

272882, A 5A, A 435, 199

higher than gallium incorporation. Such a high in-
corporation of indium was suggested to be due to
the adsorption difference between monomethy-
lindium (MMIn) and dimethylgallium (DMGa) (or
trimethylgallium (TMGa)), which are possible
decomposition products of indium and gallium pre-
cursors on the growth surface at 480°C.
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