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Growth mode of InxGa1ÀxAs „0ÏxÏ0.5… on GaAs„001… under As-deficient conditions
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We have systematically studied the growth modes of InxGa12xAs on GaAs~001! (0<x<0.5) under As-
deficient conditions. The InxGa12xAs film coherently grows in a layer-by-layer mode, with a significant
amount of In atoms being segregated to the growing surface. The In segregation results in the depletion of In
in the InxGa12xAs film, so that the strain at the coherent interface is reduced. The growth under higher As
fluxes suppresses the In segregation and induces the formation of the relaxed InxGa12xAs islands.
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I. INTRODUCTION

Molecular-beam epitaxy~MBE! in lattice-mismatched
semiconductor systems is usually assumed to proceed
Stranski-Krastanov~SK! growth mode. In a typical lattice
mismatched system of InAs on GaAs (lattice-misma
'7.1%), however, the growth mode strongly depends on
surface orientation of the GaAs substrate. InAs islands
formed on the~001! substrate after the;2 bilayer~BL! ~Ref.
1! deposition of InAs under conventional~As-stabilized!
MBE conditions. Although it was assumed that the island
is accompanied by the formation of misfit dislocations, th
is now a consensus on the point that initially formed islan
are coherently strained to substrates and are free
dislocations.2,3 In contrast, on the (111)A- and ~110!-
oriented substrates, InAs grows in a layer-by-layer mode,
lattice strain being relaxed by introducing mis
dislocations.4,5 Such characteristic growth features on the
surfaces can be explained by considering a lower forma
energy of misfit dislocations than in the case on the~001!
surface.6 However, interestingly, it has been reported th
InAs grows in a layer-by-layer mode on GaAs~001! under
As-deficient MBE conditions.7–11

Snyder, Mansfield, and Orr7 first reported that the
InxGa12xAs film grows in the layer-by-layer mode at a lo
temperature of 320 °C. The lattice strain in the layer-by-la
grown film is hardly relaxed even after the growth of 50 BL7

It has been shown that islanding of InAs is also suppres
under the In-stabilized growth conditions even at a hig
temperature of 520 °C, but the lattice constant is gradu
increased as the growth proceeds.8 Similar results were re-
ported by Ploog and co-workers,9,10 and Xueet al.11 Thus,
the question arises as to whether the strain in the layer
layer growing film is relaxed in InxGa12xAs/GaAs(001) sys-
tems.

This paper reports a systematic study of the growth p
cesses in InxGa12xAs/GaAs(001) heteroepitaxy (0<x
<0.5) under As-deficient conditions. The InxGa12xAs film
on GaAs~001! grows in the layer-by-layer mode, and is c
0163-1829/2002/65~15!/155318~5!/$20.00 65 1553
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herently strained to the substrate. We found that a signific
amount of In atoms is segregated to the growing surface
form droplets. The depletion of In in the growing film, whic
is caused by the In segregation, reduces the lattice stra
the interface, so that the coherent growth of InxGa12xAs is
promoted.

II. EXPERIMENT

The experiments were performed in a dual-chamber M
system equipped with the reflection high-energy electron
fraction ~RHEED!, total-reflection-angle x-ray spectroscop
~TRAXS!, x-ray photoelectron spectroscopy~XPS!, and
scanning tunneling microscopy apparatuses. A detailed
scription of the apparatuses and surface cleaning treatm
for the GaAs~001! substrate has been given in our previo
papers.12 Thin InxGa12xAs films were grown on the
GaAs~001!-~234) surface at a substrate temperature (Tsub)
of 350 °C. The deposition rate of InxGa12xAs was 0.01 bi-
layer ~BL!/s, which was calibrated by RHEED intensity o
cillation measurements for the homoepitaxy on the~001!-
oriented InAs and GaAs substrates. The beam-equiva
pressure of As4 was controlled to 5.031029;2.5
31027 Torr. TRAXS measurements, which is a method f
detecting characteristic x rays emitted from a solid surfa
excited by a RHEED beam,13,14 were performed with the
incident electron beam of 15 keV. The take-off angle of t
detected x ray was fixed at 0.76°, which is close to the c
culated critical angles for total reflection of the InLa line
~3.28 keV! by bulk GaAs~0.747°! and bulk InAs~0.769°!.
The glancing angle of the incident electron beam was 2
The measurements were performed every 90 s du
InxGa12xAs growth in real time. XPS measurements we
carried out using monochromatic AlKa radiation ~1486.6
eV!. Photoelectrons were detected at an emission angl
35° from the surface.

III. RESULTS AND DISCUSSION

InxGa12xAs (x50.5) grows in the SK mode at 350 °C
when the As flux (PAs) is higher than 2.031028 Torr, which
©2002 The American Physical Society18-1
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is evidenced by the changes in RHEED patterns from stre
to spots during the growth@Fig. 1~c!#. On the other hand, fo
PAs51.031028 Torr @flux ratio of As4 /(In1Ga)'2.5#, the
growing surface showed the (432) RHEED pattern
throughout the growth, in which no spot pattern originati
from InxGa12xAs islands was observed, as shown in F
1~a!. Figure 2 shows the variations in the in-plane latti
constantd110 of the growing InxGa12xAs film, which were

measured from the distance between the 0 1 and 0 1̄reflec-
tions in the RHEED patterns. The glancing angle of the
cident electron beam was;1.0°. Thed110 value remained
almost unchanged throughout the growth forPAs51.0
31028 Torr ~open circles!, while the lattice strain begins to
relax after 400 s growth forPAs52.031028 Torr ~open
squares!.

FIG. 1. RHEED patterns observed along the@11̄0# direction of
the InxGa12xAs films ~film thickness510 BL! growing on the
GaAs~001! substrates under the As flux of 1.031028 Torr ~a!, 1.5
31028 Torr ~b!, and 2.031028 Torr ~c!.

FIG. 2. In-plane lattice constant of InxGa12xAs on GaAs~001!
as a function of the growth time. The As fluxes are 1
31028 Torr ~a!, 1.531028 Torr ~b!, and 2.031028 Torr ~c!.
15531
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Recent studies have shown that the initial strain relaxa
in growing InAs on GaAs~001! is anisotropic.15 Thus,
RHEED measurements were also performed along the
other principal azimuth of@110#. While, for PAs>2.0

31028 Torr, the strain in the@11̄0# is relaxed more rapidly
than in the@110# direction after;400 s growth, bothd110

andd11̄0 values forPAs51.031028 Torr are almost all the
same as those of the GaAs~001! substrate even after 3000
growth. From these results, it appears that InxGa12xAs
pseudomorphically grows in a layer-by-layer mode on
GaAs~001! under As-deficient conditions.

The growth rate of In0.5Ga0.5As was measured from th
RHEED intensity oscillation profile obtained during th
growth. The estimated growth rate is 0.0047 BL/s, which
significantly smaller than the expected value of 0.01 BL
~see Fig. 5 below!. Since there is a deficiency of As mo
ecules at the growth front under low As fluxes, the probab
ties of In and Ga atoms being locked by As molecules
reduced.16 Thus, the present result indicates that only;50%
of group-III atoms are consumed in the formation of t
InxGa12xAs lattice under As-deficient conditions. Since th
present growth experiment on the~001! substrate were per
formed at a low temperature of 350 °C, the desorption of
and Ga is unlikely to occur during the growth. This prompt
us to investigate chemical composition of the growi
film.

Information about chemical composition of the growin
surfaces is obtained by TRAXS measurements. Figure~a!
shows variations of InLa intensity measured during
In0.6Ga0.5As growth on GaAs~001! under the As flux of 1.0
31028 Torr. Also shown in Fig. 3~a! are the result on the
(111)A-oriented substrates of GaAs under the conventio
MBE condition ~Tsub5450 °C andPAs5;2.531027 Torr!.
The InLa intensity for~001! growth increases more rapidl
than that for the (111)A orientation. We have already re
ported that In0.5Ga0.5As grows in the layer-by-layer mode o
GaAs(111)A, with a very small amount of In atoms bein
segregated on the growing surface.17 Thus, the presen
TRAXS result suggests that more In atoms are segregate
the growth front, when InxGa12xAs grows on GaAs~001!
under As-deficient conditions.

In order to obtain details about the surface segregation
In, we performed XPS measurements. For the measurem
the samples were quenched just after the growth interrup
and subsequently transferred to the XPS chamber, so a
avoid unintentional changes in surface features. Figure 3~b!
shows the In-3d photoelectron intensities as a function of th
growth time. The In 3d intensities for the~001! orientation
manifest themselves in lower rises than those for the (11A
orientation, in clear contrast with the TRAXS results show
in Fig. 3~a!. Since, in general, the escape depth of photoe
trons ~, 30 Å! is significantly smaller than that of charac
teristic x rays~. 1 mm!, the In 3d photoelectrons generate
at deeper layers are hardly detected. Thus, if we assume
the In atoms, which segregate to the growing surface, fo
large islands, the results in Figs. 3~a! and 3~b! can be ex-
plained in a consistent manner.
8-2
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Figure 4 shows a typical scanning electron microsco
~SEM! image obtained after the growth of In0.5Ga0.5As for
1000 s~nominal film thickness is 10 BL!. Large islands were
observed with a density of;13105 cm22. The size of these
islands was estimated from atomic-force microscopy ima
~not shown! and was found to be 1.660.1mm in diameter

FIG. 3. Variations in the intensities of the InLa line ~a! and In
3d line ~b! as a function of the growth time of InxGa12xAs on
GaAs~001!.

FIG. 4. Typical SEM image of the In0.5Ga0.5As film on the
GaAs~001! substrate.
15531
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and 0.660.1mm in height. Since the island density is suffi
ciently low, our RHEED observations could detect the fl
regions having (432) reconstructions between islands,
shown in Fig. 1~a!.

The In-3d photoelectrons generated at inner part of t
large islands shown in Fig. 4 are hardly detected becaus
their small escape length, as mentioned above: photoe
trons that undergo inelastic scattering leave the solid sur
with lower energies and contribute to a background sign
On the other hand, x rays from the inner atoms in the isla
can reach the detector without considerable attenuat
Here, we note that the InLa x rays could be generated a
inner part of the large islands, although the penetrat
length of incident electrons~15 keV! is not much greater
than the escape length of the In-3d photoelectrons. Since th
incident electrons have the energy significantly larger th
that of the InLa line ~3.28 keV!, it is likely that the majority
of electrons are sufficiently energetic to excite the InLa x
rays after losing their energy.

Since the TRAXS and XPS results showed that a sign
cant amount of In atoms segregate to the growth front
form islands, it is reasonable to consider that the islands s
in Fig. 4 are mainly composed of In atoms. In order to co
firm this, we performed growth experiments at a fixed
flux of 1.031028 Torr, changing the nominal In compos
tion in the InxGa12xAs film. Figure 5 shows the growth rat
of InxGa12xAs on GaAs~001! as a function of thex value,
which is estimated on the basis of the RHEED intensity
cillation measurements. Forx50, i.e., GaAs~001! homoepi-
taxy, the growth rate is;57% of the expected value. Th
growth rate decreases with increasingx value, indicating that
the incorporation probability of In in the growing film i
significantly smaller than that for Ga.

The data in Fig. 5 can be fitted using a simple model.
have calculated growth rate assuming that the incorpora

FIG. 5. The growth rate of InxGa12xAs on GaAs~001! under
As-deficient conditions as a function of thex value. The substrate
temperature is fixed at 350 °C.
8-3
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probabilities of Ga and In areI Ga(x)50.5710.593x and
I In(x)50.203x, respectively. The estimated growth rate
shown by the solid curve in Fig. 5. It is apparent from the
two equations that the InxGa12xAs film contains less In at-
oms than expected. For example, the incorporation proba
ties of Ga and In forx50.5, are I Ga(0.5)50.86 and
I In(0.5)50.10, respectively, which corresponds to the fi
composition of In0.1Ga0.9As. This reasonably explains wh
the in-plane lattice constant of InxGa12xAs hardly changes
throughout the growth under the As flux of 1.031028 Torr
@Fig. 2~a!#, because the strain energy at the coher
InxGa12xAs/GaAs interface decreases withx value. Also, the
result in Fig. 5 teaches us that each island consists of 0.7
of Ga and 4.5 ML of In. Using these values and the b
densities of In and Ga, the volume of each island in Fig. 3
estimated to be 8.2310213 cm3. This value is in good agree
ment with that estimated from SEM image (;8
310213 cm3).

As mentioned at the beginning of this paper, the layer-
layer growth of InxGa12xAs on GaAs~001! has been reported
by several groups.7–11 Snyder, Mansfield, and Orr hav
shown that the In0.5Ga0.5As film grows in the layer-by-layer
mode at a low temperature of 320 °C:7 the growing
In0.5Ga0.5As film has the lattice constant almost identical
that of the GaAs substrate throughout the growth, simila
to the case in this study. Thus, the result in Ref. 7 can als
explained by assuming that a significant amount of In ato
segregate to the growth front, although the actual growth
has not been given in Ref. 7. It has also been reported
even at a higher temperature of 500–520 °C, InAs grows
dimensionally with the (432) surface reconstructions whe
the As4 to In flux ratio is controlled to 1.8.8 However, at high
temperatures and low As fluxes, In atoms are easily deso
from the growing surface, which suppresses the formation
thick InAs films, as we have already reported.16 Thus, it ap-
pears likely that the (432) reconstruction in Ref. 8 is as
cribed to the adsorption structure of In on GaAs~001!.

On the other hand, Ploog and co-workers have repo
that the lattice strain in the layer-by-layer growing InAs fil
is gradually relaxed under the As4 to In flux ratio of 0.7–0.9
at a relatively low temperature of 430 °C.9,10 They have also
shown that the actual film thickness is very close to
nominal value,9 suggesting that no significant In droplet fo
mation occurs. These results are in clear contrast with
results.

At first sight, one may attribute the difference in grow
features to the different deposition rates~0.4 BL/s in Refs. 9
and 10, and 0.01 BL/s in this study!. This prompted us to
perform growth experiments changing the deposition r
from 0.005 to 0.2 BL/s at fixed flux ratios. However, th
observed growth rates were about;50% of the expected
values in any experiment at 350 °C.

Next, we have investigated the temperature dependenc
the growth rate of In0.5Ga0.5As (PAs5131028 Torr). As
shown in Fig. 6~a!, the growth rate increases with decreasi
Tsub. This means that the incorporation probabilities of
and Ga atoms are sensitive to the population of As molec
at the growth front, because the sticking probability
15531
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As molecules decreases with increasingTsub. Indeed, as
shown in Fig. 6~b!, the growth rate increases as the As flux
increased, and the growth rate is;0.01 BL/s for PAs52
31028 Torr. Under this condition, the lattice strain is almo
relaxed after 1000 s~open squares in Fig. 2!. However, as
mentioned earlier in this paper, the growth mode chan
from layer-by-layer to SK as the As flux exceeds 2
31028 Torr. These results clearly indicate that the increa
in the As flux suppresses the surface segregation of In ato
but induces the formation of the relaxed InxGa12xAs islands.

When the As flux is;1.531028 Torr, the actual growth
rate is close to the nominal value, and the strain in
InxGa12xAs film is gradually relaxed, as shown by open t
angles in Fig. 2. The growing surface showed strea
RHEED patterns@Fig. 1~b!# along the@110# direction, while
elongated spots are visible along the@11̄0# direction. Thus it
appears that the growth under the As flux of 1
31028 Torr is effective in suppressing the formation of bo
In droplets and InxGa12xAs islands, although the ideal laye
by-layer growth could not be realized in this system.

IV. CONCLUSIONS

We have studied the growth modes of InxGa12xAs on
GaAs~001! under As-deficient conditions. The growth rate
InxGa12xAs decreases and increases with increasingx value
and As flux, respectively. Forx50.5 and the As flux of 1

FIG. 6. The growth rate of In0.5Ga0.5As on GaAs~001! as a func-
tion of the substrate temperature~a! and the As flux~b!.
8-4
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31028 Torr, only ;10% of In atoms are incorporated in th
layer-by-layer-growing film and the rest of In atoms seg
gate to the growing surface to form droplets. The lattice m
match at the interface is significantly reduced owing to the
segregation, which allows the InxGa12xAs film to coherently
grow on the substrate. The In segregation is suppressed
the growth under higher As fluxes, which is accompanied
the formation of relaxed InxGa12xAs islands.
o

e

e

es

.
v.

T

15531
-
-
n

for
y

ACKNOWLEDGMENTS

This study, partly supported by New Energy and Techn
ogy Development Organization~NEDO!, was performed at
Joint Research Center for Atom Technology~JRCAT! under
the research agreement between National Institute for
vanced Interdisciplinary Research~NAIR! and Angstrom
Technology Partnership~ATP!.
wth

J.

T.

ppl.
*Author to whom correspondence should be addressed. Electr
mail: OHTAKE.Akihiro@nims.go.jp

11 BL of InAs~001! is defined as one atomic layer of In plus on
atomic layer of As.
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