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Growth kinetics and modeling of selective molecular beam epitaxial growth
of GaAs ridge quantum wires on pre-patterned nonplanar substrates

Taketomo Sato,a) Isao Tamai, and Hideki Hasegawa
Research Center for Integrated Quantum Electronics (RCIQE) and Graduate School of Electronics
and Information Engineering, Hokkaido University, Kita-Ku, Sapporo 060-8628, Japan

~Received 18 January 2004; accepted 23 March 2004; published 20 August 2004!

The growth kinetics involved in the selective molecular beam epitaxial growth of GaAs ridge QWRs
is investigated in detail experimentally and an attempt is made to model the growth theoretically.
For this purpose, detailed experiments were carried out on the growth of^1̄10&-oriented AlGaAs–
GaAs ridge quantum wires on mesa-patterned~001! GaAs substrates. A phenomenological modeling
was done based on the continuum approximation including parameters such as group III adatom
lifetime, diffusion constant and migration length. Computer simulation using the resultant model
well reproduces the experimentally observed growth features such as the cross-sectional structure of
the ridge wire and its temporal evolution, its temperature dependence and evolution of facet
boundary planes. The simple phenomenological model developed here seems to be very useful for
design and precise control of the growth process. ©2004 American Vacuum Society.
@DOI: 10.1116/1.1773841#

I. INTRODUCTION

Recently, intensive research efforts have been made on
semiconductor quantum devices such as single electron tran-
sistors and quantum wire transistors. For the realization of
large scale integrated circuits using such devices, it is neces-
sary to form networks of high quality and highly uniform
quantum structure in a size- and position-controlled fashion.

Selective molecular beam epitaxy~MBE!/metal organic
vapor phase epitaxy~MOVPE! technique of III–V semicon-
ductors on pre-patterned substrates is one of the most prom-
ising technique for the formation of position—and size-
controlled arrays of quantum wires~QWRs! and quantum
dots ~QDs!.1–4 Recently, we have reported that^1̄10&-
oriented QWRs and related network structures can be suc-
cessfully formed for both InP-5 and GaAs-based materials6–8

on ~001! patterned substrates by a selective MBE growth.
However, growth on nonplanar substrates usually involves
various high-index facets simultaneously which complicates
growth kinetics.9 For precise control of wire cross section
and feature sizes, a quantitative modeling of the growth pro-
cess based on proper understanding of the underlying growth
mechanism is a key issue.

Until recently, a large number of efforts on numerical
modeling of the crystal growth have been reported not only
on epitaxial growth on planar substrates10–13 but also on
growth on nonplanar substrates.14–18 For the latter, use of
diffusion equations under the continuum approximation with
phenomenological macroscopic parameters such as diffusion
constants, migration length and incorporation rates, as initi-
ated by a pioneering work by Ohtsuka and Miyazawa,14 has
become a standard approach, being capable of reproducing
evolution of complex growth profiles of micron-meter sized
structures qualitatively or semiquantitatively. However, since
the previous works emphasized mathematical aspects of

modeling, comparison with experiments were poor, and it is
not clear whether suitable modeling based on such an ap-
proach can quantitatively reproduce the experimentally ob-
served evolution of cross-sectional features of nanometer-
sized quantum structures in such way that it can be utilized
for design and control of growth of nanostructures.

The purpose of this paper is to experimentally investigate
and theoretically model the growth kinetics involved in the
selective MBE growth of GaAs ridge QWRs in a view of
their size- and position-control. For this purpose, detailed
experiments were carried out on the growth of^1̄10&-oriented
GaAs wires on mesa-patterned substrates, and a phenomeno-
logical modeling based on the continuum approximation was
attempted. Theoretical calculation using the resultant model
well reproduced the experimentally observed growth features
such as the cross-sectional structure of the ridge wire and its
temporal evolution, its temperature dependence and evolu-
tion of facet boundary planes. The simple phenomenological
model developed in this study seems to be very useful for
design and precise control of the growth process of nano-
structures.

II. EXPERIMENTAL STUDY OF GROWTH KINETICS

A. Growth method and cross-sectional features

Our method of wire formation by selective MBE growth
is schematically shown in Fig. 1~a! for the case of thê1̄10&-
oriented GaAs ridge quantum wire grown on a~001! pat-
terned substrate. Since growth of this wire is very well be-
haved and highly reproducible,6,7,19 the experimental study
and modeling in this study were concentrated on the growth
of this wire.

Referring to Fig. 1~a!, the wire was grown by the follow-
ing sequence. As a template for the selective growth, a^1̄10&-
oriented mesa pattern was first formed on semi-insulating
GaAs ~001! substrates by a standard lithography and wet
etching process. The resultant mesa-structures have a~001!
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top facet and two~111! side facets. After surface treatments
in the atmosphere, thermal cleaning under arsenic pressure
was applied in the MBE chamber just before the growth.
Then, a GaAs buffer layer was grown on the patterned
substrate. This led to the formation of GaAs ridge structures
defined by two~113! facets which newly appeared during
the growth. Then, materials for the growth of
Al0.3Ga0.7As–GaAs–Al0.3Ga0.7As layers were supplied onto
the GaAs~113! buffer ridge, and this resulted in the forma-
tion of embedded wires. The growth rate of GaAs and
AlGaAs layers were kept to be 700 and 1000 nm/h, respec-
tively, in terms of the values for growth on a planar reference
substrate placed next to the patterned substrate.

The cross section of the wire after cleavage along the
~1̄10! plane was completely featureless under SEM observa-
tion. However, a complex features became visible after stain
etching by an alkali solution. A resultant cross-sectional
scanning electron micrograph~SEM! image is shown in Fig.
1~b!, and its schematic representation is given in Fig. 1~c!. It
is clearly seen that an arrow-head shaped GaAs nanowire
bounded by AlGaAs~113! facets with a reduced size is se-
lectively formed above the top~113! facets of the GaAs ridge
structure with the initial ridge width,Wo . Presence of thin
GaAs quantum well along~111! side facets can also be rec-
ognized. In addition to these, presence of white lines in Fig.
1~b! which are indicated by dashed lines in Fig. 1~c! is ob-

vious. By previous repeated growth experiments,7,19 these
lines have been identified to correspond to planar boundaries
between the region grown on the~111! facets and that grown
on the ~113! facets within the AlGaAs barrier layers, and
they were termed as the ‘‘facet boundary planes.’’ It is obvi-
ous that these planes play important roles in determining the
width and height of the wire. For the sake of the discussion
in this paper, let us define the boundary angle,ubd , as the
angle formed by the boundary plane with respect to the~001!
plane.

At first, one might think that these boundary planes
themselves correspond to particular crystalline facets that
are activated during the growth. However, detailed mea-
surements have shown that it is not a case.7,19 In fact, they
were found to depend strongly on the growth temperature,
Tsub. The cross-sectional SEM images of the test structures
grown atTsub5600 °C and 680 °C, are shown in Figs. 2~a!
and 2~b!, respectively. In each test structure, growth of a thin
GaAs wire was repeated by the repeated supply of AlGaAs–
GaAs–AlGaAs materials starting from the bottom GaAs
ridge structure. It is seen in both cases that previous growth
memory is remarkably kept in spite of the insertion of a
GaAs layer, and the boundary angle was kept constant
throughout the entire growth. As seen in Figs. 2~a! and 2~b!
ubd was large at low growth temperatures, and the wire
width did not change so much throughout the repeated wire

FIG. 1. ~a! Growth process,~b! cross-sectional SEM image, and~c! its sche-

matic representation of thê1̄10&-oriented GaAs ridge nanowire.
FIG. 2. Cross-sectional SEM images of samples after repeated growth at~a!
Tsub5600 °C and~b! Tsub5680 °C.
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growth. On the other hand, at the higher growth tempera-
tures,ubd became smaller, and the wire width decreased rap-
idly with the growth time,tg .

B. Growth rates on different facets

Change of the wire cross section with time can be repre-
sented quantitatively in terms of the changes with time of the
vertical thicknesses,T(113) and T(111) defined in Fig. 1~c!
where the former is for the region grown on the~113! ridge
and the latter for the region grown on the~111! side facets.
Examples of the measured values ofT(113) and T(111) are
plotted in Fig. 3~a! versus the growth time,tg . As seen in
Fig. 3~a!, they change in proportion totg as expected. Then,
the vertical growth rates can be defined asr (113)5d
T(113) /d tg andr (111)5d T(111) /d tg , respectively. The mea-
sured values ofr (113) and r (111) are plotted vs inverse of the
substrate temperatureTsub(K) during growth in Fig. 3~b!.
The broken lines in Fig. 3~b! are the results of computer
simulation explained later.

Thus, it can be said that, for precisely controlled growth
of QWRs, a theoretical understanding and quantitative mod-

eling of evolution of cross-sectional features such as appear-
ance of new facets, change of cross section with time and
evolution of boundary planes are necessary.

C. Growth on one-sided mesa pattern

In order further get information on growth kinetics,
growth experiments on one-sided mesa step were carried out.
The substrate pattern was a GaAs step structure consisting of
a ~111! side facet and~001! top and bottom facets where the
top width is long enough to be able to see the variation of the
grown thickness in the lateral direction.

Figure 4~a! shows the cross-sectional SEM image of the
sample after the repeated growth of GaAs~95 nm!–AlAs
~5 nm! layers atTsub5640 °C where AlAs layers were used
as markers, and thickness values of 95 and 5 nm are those
for growth on ~001! planar substrates. Similarly, Figs. 4~b!
and 4~c! show the results after the repeated growth of

FIG. 3. ~a! Vertical growth thickness on~111! and ~113! facets vs growth
time, tg , and ~b! the vertical growth rate ratio on~111! facets and~113!
facets plotted as a function of 1000/Tsub.

FIG. 4. Cross-sectional SEM images of the sample after repeated growth of
~a! GaAs~95 nm!–AlAs~5 nm! layers at 640 °C,~b! AlGaAs~100 nm!/
GaAs~10 nm! at 600 °C and~b! AlGaAs~100 nm!–GaAs~10 nm! at 640 °C.
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AlGaAs~100 nm!–GaAs~10 nm! layers at two different sub-
strate temperatures ofTsub5600 °C and 640 °C where GaAs
layers were used as markers.

As seen in Figs. 4~a!–4~c!, growth behavior of GaAs lay-
ers AlGaAs layers on the substrate step is very similar, and
shows the following two remarkable features. One is the ap-
pearance and development of a new~113! facet on the left-
hand side of the boundary of~111! and~001! facets, and the
other was extended variation of grown thickness on the right-
hand side which seems to show exponential decay. The latter
is obviously due to the additional flux of adatoms from the
neighboring side facet by diffusion.

III. PHENOMENOLOGICAL MODELING
OF SELECTIVE GROWTH

A. Basic equations

As a means of quantitative theoretical description of the
selective MBE growth, an attempt was made here to model
the growth process by using a phenomenological description
based on the continuum approximation. The physical situa-
tion for growth on a nonplanar substrate is schematically
shown in Fig. 5~a!. Here, growth of â 1̄10&-oriented infi-
nitely long GaAs QWR on a mesa stripe pattern formed on
~001! substrate is considered, and the problem is treated as a
two-dimensional~2D! one. As shown in Fig. 5~a!, thez axis
andx axis are taken to be in the vertical^001& direction and
in the lateral̂ 110& direction, respectively.

The surface density of the group III adatoms,n(x,tg), at
the lateral position,x, and the growth time,tg satisfies the
following equation:

dn~x,tg!

dtg
5G•cosu2

n~x,tg!

t~u!
2

dJ~x,tg!

dx
, ~1!

whereG is the incident flux of atoms coming from the source
in vacuum,u is the surface slope angle measured with re-
spect to thex axis, andt~u! is the lifetime of the group III
adatoms until they are incorporated into the surface. Here, it
is assumed that neither desorption of group III adatoms nor
dissociation of crystal takes place during the crystal growth,
and that the growth rate is limited by incorporation of group
III adatoms. These assumptions are known to be valid in the
standard MBE growth.

The surface flux,J(x,tg), in Eq. ~1! is given by the fol-
lowing Nernst–Einstein relation:

J~x,tg!52D
n~x,tg!

kBT
•grad~U !, ~2!

whereD is the diffusion coefficient of adatoms on the sur-
face andU is the chemical potential in the growth system. As
seen in Eq.~2!, the gradients of the chemical potential deter-
mine the surface diffusion toward a lower potential. In gen-
eral, the internal chemical potential,U int , is distinguished
from the external chemical potential,Uext, and the total
chemical potential,U, in the system is the sum ofU int and
Uext. They could be represented as follows:

U int5kBT• logS n~x,tg!

nQ
D , ~3!

Uext5Ustrain1Ualloy1Usurface. ~4!

In Eq. ~3!, theU int for adatoms is represented as the chemical
potential of the mobile species in two-dimensional ideal gas,
wherenQ is a constant value related to a reference point of
the chemical potential. On the other hand,Uext for adatoms is
represented by the total sum of the chemical potential due to
surface strain,Ustrain, the entropy of alloy mixing,Ualloy ,
and the surface free energy involving the capillarity effect,
Usurface. As for the case of GaAs–AlAs alloy semiconduc-
tors, the surface strain is almost negligible. Furthermore, the
mixing reaction of this system seems to be much smaller
than those of the other alloys such as InAs–GaAs and InAs–
AlAs. Therefore, it could be assumed thatUsurfaceaccounts
for the most part of the external chemical potential,Uext.
Additionally, Ozdemiret al.16 and Biasiolet al.18 included
the capillarity effect in their calculation as the main driving
factor for surface diffusion of adatoms. Using this, Eq.~4!
can be rewritten as follows:

FIG. 5. ~a! Model of growth on nonplaner substrates for a theoretical calcu-
lation and~b! the schematics of faceting growth with the slope dependent
lifetime, t~u!.
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Uext5Usurface5m01
Vgs

r c
, ~5!

where m0 is the chemical potential of bulk andV is the
atomic volume.gs andr c are the surface free energy and the
radius of curvature, respectively, at the position,x, and the
time, tg . Since the surface free energy term is a slow varying
function as compared with the growth curvature, it can be
taken to be a constant independent of facet and position as a
first approximation. By taking account of the capillarity ef-
fect in this way, any further complex treatment of the bound-
ary condition between the neighboring facets is not neces-
sary.

After the calculation of the adatom density,n(x,tg), the
cross-sectional growth profile is obtained by plotting the ver-
tical growth thickness,T(x,tg), which is represented by the
following equation as a function of the lateral position,x,
and the growth time,tg :

T~x,tg!5E
0

tg n~x,t !•V

t cosu
. ~6!

When there are more than one species of group III ada-
toms as in the case of growth of AlGaAs, Eq.~2! was solved
separately for each species, and each contribution was added
together in calculating Eq.~6!.

B. Method of calculation and values of parameters

The calculation on evolution of the cross-sectional struc-
ture of the wire was carried out by numerically solving the
differential equation of Eq.~1!, starting from the initial mesa
pattern consisting of~001! top facet and two~111! side facets
and standing on a~001! plane. For this purpose, the wire
cross section was divided into a fine mesh structure, and a
standard finite difference method was applied.

For the calculation, values of the various parameters were
required. It is obvious that, the surface lifetime,t~u!, and the
diffusion coefficient,D, of group III adatoms are most im-
portant parameters which determine the growth features.

The lifetime of group III adatoms is expected to be more
strongly dependent on the step densities of the growing sur-
face rather than the difference of adatom species. Thus, it is
assumed here that the surface lifetime of Ga adatom, and that
of Al adatom, are the same, but they depend strongly on the
surface slope,u, as indicated ast~u!. The dependence oft~u!
on u assumed in this study is schematically shown in Fig.
5~b!. Since the exact functional dependence oft~u! is un-
known, we employed a piecewise linear form as shown in
Fig. 5~b! as a first approximation. On the other hand, a dif-
ferent approach for fitting was used recently by Ohtsuka15

where the diffusion equation was solved on a terrace with
steps to arrive at a functional oft~u!. However, it is not clear
how appropriate it is to force the macroscopic diffusion
equation to the events of atomic level on the step-terrace
structures with the mesoscopic length scale. Thus, we sought
for a simplified piecewise linear functional dependence
shown in Fig. 5~b! in order to describe gross average behav-
ior of the atomic scale movements near facet boundaries.

In our fitting procedure,t~u! has local maxima at particu-
lar surface slope angles which correspond to~001!, ~113!,
and ~111! singular facets that appeared in the present wire
growth. The values oft~u! on the characteristic~001!, ~113!,
and ~111! singular facets are denoted ast (001) , t (113) , and
t (111) , and they should be closely related to the vertical
growth rates measured in the experiments. However, the re-
lationships between these quantities are not direct ones, since
the vertical growth rates are also related to the lateral diffu-
sion of group III adatoms. The value oft~u! rapidly de-
creases from these peaks, and this represents the physical
situation that step densities are high at such surface slope
angles. There, the growth proceeds rapidly so as to modify
the slope in such a way that it reaches quickly the slowly
growing characteristic facet and stays there as schematically
shown in Fig. 5~b!. Therefore, we usedt (001) , t (113) , and
t (111) as well as the positions and lifetime values of local
minima in the piecewise linear portions graph as the fitting
parameters in the present modeling. The temperature depen-
dence oft~u! was ignored, although a weak decrease with
temperature in Arrhenius form is expected according to
Monte Carlo simulation of GaAs~001! surface by Kangawa
et al.13 The reported activation energy is 0.35 eV, and this
change the value oft by a negligibly small factor of 1.4 for
the substrate temperature range of 600–680 °C in the present
experiment.

As for the diffusion constant, the growth results shown in
Fig. 4 should provide information. Namely, Eq.~2! reduces
to the following famous equation for the growth on a crys-
talline facet under an additional supply of group III adatoms
by lateral diffusion:20,21

DT~x!5DT~0!exp~2x/l!, ~7a!

whereDT(x) is increase of grown thickness due to diffusion
at the lateral position,x, andl is the migration length of the
group III adatoms on the facet given by

l5~Dt!1/2. ~7b!

The measured growth thickness increase is plotted in Fig.
6~a! as a function of lateral distance as defined in the inset.
The thickness indeed decreased exponentially with the lateral
distance increased following by the relation in Eq.~7a!.
From that, the value of the migration length,l, was esti-
mated to be 400 nm for growth of GaAs on GaAs atTsub

5640 °C and 90, 370 and 950 nm for growth of AlGaAs on
GaAs at theTsub5600 °C, 640 °C, and 680 °C, respectively.
It is well known that migration length of Ga adatoms is much
longer than that of Al adatoms. For example, Koshibaet al.22

reportedl~Ga!51000 nm andl~Al !540 nm on~001! GaAs
at Tsub5610 °C. Thus, the above results basically corre-
sponds to that of Ga adatoms.

The experimentally obtained diffusion lengths are plot-
ted in Fig. 6~b! as a function of the inverse of the growth
temperature,Tsub. The data were fitted by the assuming
an Arrhenius temperature dependence ofl5l0

3exp(2Ed/2kT), and the activation energy of adatom diffu-
sion, Ed , of 4.3 eV was obtained. The presentEd value is
consistent with a value of 4.0 eV reported by Van Hove
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et al.,23 but it is much larger than 0.7 eV reported by Hata
et al.20 and 2.8 eV reported by Ohtaet al.24 The difference of
Ed values seen in those experiments seems to be due to the
difference of arsenic pressures during the growth, because
the diffusion length of adatoms becomes larger under lower
arsenic pressure, as reported by Shenet al.25 The V/III flux
ratio used in this study was 30, which was much higher than
the V/III ratio of 1 used in the experiment by Ohtaet al.24

On the other hand, Van Hoveet al.23 used V/III ratio of 10.
Thus, the presentEd of 4.3 eV seems to represent a value
under a high arsenic pressure condition.

Since diffusion profile measurements were not carried out
on facets other than~001! facet, we assumed that the value of
the diffusion constant,D, was the same on the other facets
with the same temperature dependence in the calculation. In
order to take account of the migration length difference in Ga
and Al atoms, we assumed the value ofD for Al atoms is 100
times smaller than that for Ga atoms, i.e.,l~Ga!510l~Al !, in
the calculation.

As for the other parameters in the basic equations, the
surface free energy,gs , was taken to be 3 eV, referring the

work by Gebaueret al.26 nQ and m0 disappear by taking
gradients.

IV. REPRODUCTION OF GROWTH EXPERIMENTS
BY MODELING

A. Growth profiles and growth rates

In order to see how well the present modeling can repro-
duce the experimental results quantitatively, the growth of
ridge QWRs was simulated on computer using the computer
program which solves Eq.~1! by the finite difference
method.

To reproduce the experimentally observed evolution of
cross-sectional structures and to obtain good agreement be-
tween simulation and experiments as regards the time varia-
tion of the cross section, choice of the values oft (001) ,
t (113) , andt (111) was found to be extremely important. First
of all, relation oft (001),t (113),t (111) was essential to repro-
duce the experimentally observed evolution of the cross-
sectional structure of wires including the stage of the GaAs
ridge growth. In other words, the whole process can be re-
garded as a transition from growth on~001! facet to that on
~111! facet triggered by presence of a side~111! facet. Thus,
appearance of~113! facet is a transition stage due to presence
of a local maximum int~u!.

Although not as important as the maxima, the positions
and lifetime values of lifetime local minima were found to be
also important in reproducing details of the evolution behav-
ior of the ridge structures. They were found to be closely
related to details of the transitional profile shape, its time
evolution and their temperature dependence as the growth
proceeds to reveal the new singular facet having a larger
lifetime. For example, when the local minimum between the
~113! and ~111! lifetime peaks was chosen to take place ei-
ther very close to the~113! peak or very close to the~111!
peak, the temperature dependence of the ridge evolution al-
most disappeared as opposed to the experimental findings.

From such observations, efforts were made to reproduce
the experimentally observed vertical growth rates quantita-
tively by choosing a suitable set of values oft (001) , t (113) ,
t (111) , and the values of slopes connecting them. The opti-
mum functional behavior oft~u! found under such a piece-
wise linear approximation is summarized in Fig. 7~a!.
Namely, the optimum value oft (001)5100 ms with a relation
of t (001) :t (113) :t (111)51:2.5:10 was obtained. The optimal
minimum position between~001! and ~113! lifetime peaks
was 5°, and that between the~113! and~111! facets was 36°.

The values of vertical growth rates obtained under the
optimal simulation conditions are shown in Fig. 3~b! by bro-
ken lines. They are in excellent agreement with experimental
data within a maximum deviation of 5%.

The growth sequence of GaAs buffer layer on^1̄10&-
oriented mesa structures simulated under the optimum values
of t (001) ,t (113) ,t (111) and the diffusion constant explained in
the previous section is shown in Fig. 7~b!. At the early
growth stage, the growth thickness at both edge of~001! top
mesa increased due to the surface diffusion of adatoms from
the neighboring side~111! facets. After sufficient growth, the

FIG. 6. ~a! Variation of growth thickness measured as a function of the
lateral position and~b! the experimentally determined diffusion length vs
1000/Tsub.
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GaAs ridge structure having top~113! facets and side~111!
facets were formed on thê1̄10&-oriented mesa structure, as
seen in Fig. 7~b!. The simulation well reproduced the fea-
tures of experimentally grown GaAs ridge structures.

Figures 8~a!–8~c! show the calculated profile of
Al0.3Ga0.7As layers on GaAs ridge structures by changing the
Tsubof 600 °C, 640 °C, and 680 °C, respectively. As shown in
Figs. 8~a!–8~c!, the growth profiles of AlGaAs layer were
strongly dependent on the growth temperatures. Namely, the
widths of top~113! facets of AlGaAs ridge decrease and the
ridge shapes become sharp, asTsub was increased. This is
because the migration lengthl increased from 90 to 950 nm,
and adatoms easily moved from the side~111! facets to the
top ~113! facets or to the bottom~001! plane. Furthermore,
the facet boundary planes were clearly shown in the simula-
tion of repeated growth, as indicated by the dashed lines in
Figs. 8~a!–8~c!. These growth features agree with those ob-
served in the experiment that are shown in Figs. 1~b!, 2~a!,
and 2~b!.

In order further to clarify how well our model calculation
reproduces the experiment quantitatively, the difference of
growth profiles as obtained by subtracting the calculated pro-
file from the experimental one is shown in Fig. 9 for the

growth of an AlGaAs ridge structure on the GaAs ridge.
Referring to Fig. 1~c!, the amount of growth was 300 nm in
terms of the vertical thicknessT(113) and the initial GaAs
ridge width W0 was 450 nm. The profiles were obtained at
600 °C, 640 °C, and 680 °C. On the ridge top region where a
QWR is to be formed, the deviation was found to be very
small only within a 5 nm~1.6% ofT(113)) which is close to
the special resolution limit of our SEM observation. Thus,
our model calculation well reproduced the growth profile of
the important ridge QWR region. However, a slightly larger
deviation of about 10 nm~3.3% of T(113)) was observed

FIG. 7. ~a! Optimum piecewise linear graph oft~u! determined by simula-
tion and~b! the calculated growth sequence of GaAs buffer layer.

FIG. 8. Calculated growth profiles of the Al0.3Ga0.7As layer on GaAs ridge
structures;~a! Tsub5600 °C, ~b! Tsub5640 °C, and~c! Tsub5680 °C.
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around the boundary between the bottom~001! plane and the
side ~111! facets, as shown in Fig. 9. This may represent a
limitation arising from the assumed simple piecewise linear
functional form oft~u! used in this study.

B. Evolution mechanism of facet boundary planes

Both the experiment and the simulation indicated that the
facet boundary planes are formed in the AlGaAs ridge layers
keeping the constant angle,ubd , throughout the entire
growth. From the simple geometrical consideration, the
boundary angle,ubd , should satisfy the following relation, as
derived first in Ref. 7:

tanubd5
a•tanuside2tanu top

a21
. ~8!

Here,a is the growth rate ratio defined asa5r top/r side,
wherer top is the vertical growth rate on the top facet andr side

is that on the side facet.u top anduside are the angles of top
facet and side facet with respect to a flat top of mesa, respec-
tively. In the case of̂ 1̄10&-oriented wires grown on~001!
substrates, the value ofu top525.2 anduside554.7 should be
used as the angle of top~113! facet and side~111! facets,
respectively.

Figure 10 compares the values of the facet boundary
angle,ubd , among the experimental values, the values ob-
tained by Eq.~8! and the result of the present growth simu-
lation. Excellent agreements between experiment and theory
are seen in Fig. 10, where the difference among them was
smaller than 1.5°. Thus, formation of facet boundary planes
is a consequence of the difference of growth rates between
the neighboring ridge facets caused by incorporation and lat-
eral diffusion of adatoms. These results indicate that the lat-
eral width of present ridge QWRs can be kinetically con-
trolled by the growth conditions and the supply thickness of
AlGaAs layer prior the start of wire growth.

Finally, the reason why the facet boundary planes became
visible after etching in the wire cross sections, as clearly seen

in Fig. 1~b!, can be explained as follows. This is due to a
slight change in composition between regions grown on
~113! facets and~111! facets. Figure 11 shows the profile of
Al composition change of AlGaAs ridge layer calculated for
different values ofTsub. As seen in Fig. 11, Al composition
on top ~113! facets is reduced due to the enhancement of
migration of Ga adatoms from side~111! facets to top~113!
facets at higher growth temperatures. This composition dif-
ference along the facet boundary planes became visible by
stain etching, where the GaAs is selectively dissolved into
the etchant.

V. CONCLUSION

In order to understand and precisely control selective
MBE growth of GaAs ridge QWRs, detailed investigation of
the growth kinetics were made experimentally and an at-
tempt was made to establish a simple theoretical model that
can reproduce the growth features quantitatively. Experi-
ments were carried out on the growth of^1̄10&-oriented

FIG. 9. Deviation of the calculated growth profile between from the experi-
mental one.

FIG. 10. Comparison of the value of the facet boundary planes,ubd , be-
tween the experiment and the present simulation.

FIG. 11. Profiles of Al composition change in AlGaAs layers calculated for
different Tsub.
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AlGaAs–GaAs ridge quantum wires on mesa-patterned
~001! GaAs substrates. A phenomenological modeling was
made under the continuum approximation including macro-
scopic parameters such as group III adatom lifetime, diffu-
sion constant and migration length. Computer simulation as-
suming a simple piecewise linear functional form for surface
slope angle dependence of group III adatom lifetime repro-
duced the experimentally observed growth features such as
the cross-sectional structure of the ridge wire and its tempo-
ral evolution, its temperature dependence and evolution of
facet boundary planes.

The simple phenomenological modeling approach devel-
oped here seems to be of a general nature and may be very
powerful for design and precise control of the crystal growth
of nanostructures not only for the present ridge wire growth
but also other varieties of structures.
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