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

GaAs ridge quantum wires on mesa-patter(@il) GaAs substrates. A phenomenological modeling

was done based on the continuum approximation including parameters such as group Il 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.2@4 American Vacuum Society.

[DOI: 10.1116/1.1773841

[. INTRODUCTION modeling, comparison with experiments were poor, and it is
not clear whether suitable modeling based on such an ap-
Recently, intensive research efforts have been made Oproach can quantitatively reproduce the experimentally ob-
semiconductor quantum devices such as single electron tragerved evolution of cross-sectional features of nanometer-
sistors and quantum wire transistors. For the realization o§jzed quantum structures in such way that it can be utilized
large scale integrated circuits using such devices, it is necesor design and control of growth of nanostructures.
sary to form networks of high quality and highly uniform  The purpose of this paper is to experimentally investigate
quantum structure in a size- and position-controlled fashionand theoretically model the growth kinetics involved in the
Selective molecular beam epitaxiBE)/metal organic  selective MBE growth of GaAs ridge QWRs in a view of
vapor phase epitaxfMOVPE) technique of 1ll-V semicon-  their size- and position-control. For this purpose, detailed
ductors on pre-patterned substrates is one of the most proraxperiments were carried out on the growti t0)-oriented
ising technique for the formation of position—and size- GaAs wires on mesa-patterned substrates, and a phenomeno-
controlled arrays of quantum wirdQWRS and quantum |ogical modeling based on the continuum approximation was
dots (QDs."™* Recently, we have reported thgll0)-  attempted. Theoretical calculation using the resultant model
oriented QWRs and related network structures can be sugvell reproduced the experimentally observed growth features
cessfully formed for both InP-and GaAs-based materi8i§  such as the cross-sectional structure of the ridge wire and its
on (001) patterned substrates by a selective MBE growthtemporal evolution, its temperature dependence and evolu-
However, growth on nonplanar substrates usually involvesion of facet boundary planes. The simple phenomenological
various high-index facets simultaneously which complicatesnodel developed in this study seems to be very useful for
growth kinetics’ For precise control of wire cross section design and precise control of the growth process of nano-
and feature sizes, a quantitative modeling of the growth prostructures.
cess based on proper understanding of the underlying growth
mechanism is a key issue.
Until recently, a large number of efforts on numerical ll. EXPERIMENTAL STUDY OF GROWTH KINETICS
model?ng .of the crystal growth have beeg reported not onlyy rowth method and cross-sectional features
on epitaxial growth on planar substraf¥s® but also on
growth on nonplanar substrat®s® For the latter, use of ~ Our method of wire formation by selective MBE growth
diffusion equations under the continuum approximation withis schematically shown in Fig.(d) for the case of th€110)-
phenomenological macroscopic parameters such as diffusigiiented GaAs ridge quantum wire grown on(@01) pat-
constants, migration length and incorporation rates, as initiferned substrate. Since growth of this wire is very well be-
ated by a pioneering work by Ohtsuka and Miyazafvaas haved and highly reproducibfe’;*® the experimental study
become a standard approach, being capable of reproduciﬁ@d modeling in this study were concentrated on the growth
evolution of complex growth profiles of micron-meter sized Of this wire.
structures qualitatively or semiquantitatively. However, since Referring to Fig. 1a), the wire was grown by the follow-
the previous works emphasized mathematical aspects ##9 sequence. As a template for the selective growtfi18)-
oriented mesa pattern was first formed on semi-insulating

Aauthor to whom correspondence should be addressed; electronic mai@aAs (001 substrates by a standard lithography and wet
taketomo@rcige.hokudai.ac.jp etching process. The resultant mesa-structures hq0@m
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Fic. 1. (@) Growth processib) cross-sectional SEM image, afa} its sche-  Fig. 2. Cross-sectional SEM images of samples after repeated groh at
matic representation of thil 10)-oriented GaAs ridge nanowire. Tsu=600°C and(b) T¢,=680 °C.

top facet and twa111) side facets. After surface treatments vious. By previous repeated growth experimentsthese

in the atmosphere, thermal cleaning under arsenic pressuliees have been identified to correspond to planar boundaries
was applied in the MBE chamber just before the growth.between the region grown on tligl1) facets and that grown
Then, a GaAs buffer layer was grown on the patternedn the (113 facets within the AlGaAs barrier layers, and
substrate. This led to the formation of GaAs ridge structureshey were termed as the “facet boundary planes.” It is obvi-
defined by two(113 facets which newly appeared during ous that these planes play important roles in determining the
the growth. Then, materials for the growth of width and height of the wire. For the sake of the discussion
Alg Ga ;As—GaAs—A)) ;Ga, /As layers were supplied onto in this paper, let us define the boundary andlg,, as the

the GaAs(113 buffer ridge, and this resulted in the forma- angle formed by the boundary plane with respect to(€@od)

tion of embedded wires. The growth rate of GaAs andplane.

AlGaAs layers were kept to be 700 and 1000 nm/h, respec- At first, one might think that these boundary planes
tively, in terms of the values for growth on a planar referencehemselves correspond to particular crystalline facets that
substrate placed next to the patterned substrate. are activated during the growth. However, detailed mea-
__The cross section of the wire after cleavage along thesurements have shown that it is not a caSeln fact, they
(110) plane was completely featureless under SEM observawere found to depend strongly on the growth temperature,
tion. However, a complex features became visible after staiffg,,. The cross-sectional SEM images of the test structures
etching by an alkali solution. A resultant cross-sectionalgrown atTg,;=600°C and 680 °C, are shown in Figgap
scanning electron micrograg8EM) image is shown in Fig. and Zb), respectively. In each test structure, growth of a thin
1(b), and its schematic representation is given in Fig).1lt =~ GaAs wire was repeated by the repeated supply of AlGaAs—
is clearly seen that an arrow-head shaped GaAs nanowit®@aAs—AlGaAs materials starting from the bottom GaAs
bounded by AlGaAg113 facets with a reduced size is se- ridge structure. It is seen in both cases that previous growth
lectively formed above the tofl13) facets of the GaAs ridge memory is remarkably kept in spite of the insertion of a
structure with the initial ridge width\W,. Presence of thin GaAs layer, and the boundary angle was kept constant
GaAs quantum well alon@l1]) side facets can also be rec- throughout the entire growth. As seen in Fig&)2and 2Zb)
ognized. In addition to these, presence of white lines in Figd,q was large at low growth temperatures, and the wire
1(b) which are indicated by dashed lines in Figc)lis ob-  width did not change so much throughout the repeated wire
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Fic. 3. (a) Vertical growth thickness oi111) and (113 facets vs growth
time, ty, and(b) the vertical growth rate ratio ofl1l) facets and(113 S
facets plotted as a function of 100Q/,. (©)

1.0um

) Fic. 4. Cross-sectional SEM images of the sample after repeated growth of
growth. On the other hand, at the higher growth temperata) GaA995 nm—AIAs(5 nm) layers at 640 °C,(b) AIGaAs(100 nny/

tures, 6,4 became smaller, and the wire width decreased rapGaAd10 nm at 600 °C andb) AIGaAs(100 nm—-GaA$10 nm at 640 °C.
idly with the growth time t .

eling of evolution of cross-sectional features such as appear-

ance of new facets, change of cross section with time and
Change of the wire cross section with time can be repreevolution of boundary planes are necessary.

sented quantitatively in terms of the changes with time of the

vertical thicknessesT 113 and T(;4) defined in Fig. 1c)

where the former is for the region grown on 3 ridge

and the latter for the region grown on thEll) side facets. In order further get information on growth Kinetics,

Examples of the measured values Tf13 and T(155y) are  growth experiments on one-sided mesa step were carried out.

plotted in Fig. 3a) versus the growth time,;. As seen in  The substrate pattern was a GaAs step structure consisting of

Fig. 3(a), they change in proportion tig as expected. Then, a (111 side facet and001) top and bottom facets where the

the vertical growth rates can be defined agi3=d  top widthis long enough to be able to see the variation of the

T13/d tg andr11y=d T(111)/d tg, respectively. The mea- grown thickness in the lateral direction.

sured values of 1,3 andr 145y are plotted vs inverse of the Figure 4a) shows the cross-sectional SEM image of the

substrate temperatur€,{K) during growth in Fig. 8y). sample after the repeated growth of Ga@®5 nm-AlAs

The broken lines in Fig. ®) are the results of computer (5 nm) layers atT,;=640 °C where AlAs layers were used

simulation explained later. as markers, and thickness values of 95 and 5 nm are those
Thus, it can be said that, for precisely controlled growthfor growth on(001) planar substrates. Similarly, Figs(b4

of QWRs, a theoretical understanding and quantitative modand 4c) show the results after the repeated growth of

B. Growth rates on different facets

C. Growth on one-sided mesa pattern
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AlGaAs(100 nm—GaA<10 nm) layers at two different sub-
strate temperatures af,,= 600 °C and 640 °C where GaAs
layers were used as markers.

As seen in Figs. @—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 neM3) facet on the left-
hand side of the boundary ¢£11) 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.

Z, <001>

[ll. 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. %a). Here, growth of &110)-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-dimensional2D) one. As shown in Fig. &), the z axis
andx axis are taken to be in the verticdl01) direction and >0
in the laterak110 direction, respectively. (001) (113) (111)

The surface density of the group Il adatomgx,t,), at (b)
the lateral positionx, and the growth timet, satisfies the
following equation:

dnCxty) _ o coso—
dt 7(6) dx

whereG is the incident flux of atoms coming from the source

in vacuum, 6 is the surface slope angle measured with re- , _, T-Iog(n(x’tg)) &)
spect to thex axis, andr(6) is the lifetime of the group IlI it T8 ng /'

adatoms until they are incorporated into the surface. Here, it

is assumed that neither desorption of group Il adatoms nor Uex= Ustrain® Uatloy + Usurtace )

dissociation of crystal takes place during the crystal growthin Eq. (3), the U, for adatoms is represented as the chemical
and that the growth rate is limited by incorporation of grouppotential of the mobile species in two-dimensional ideal gas,
Il adatoms. These assumptions are known to be valid in th/hereny, is a constant value related to a reference point of

Fic. 5. (a) Model of growth on nonplaner substrates for a theoretical calcu-
lation and(b) the schematics of faceting growth with the slope dependent
n(x.ty)  dI(x,tg) @ "o

standard MBE growth. the chemical potential. On the other habi,, for adatoms is
The surface fluxJ(x,tg), in Eq. (1) is given by the fol-  represented by the total sum of the chemical potential due to
lowing Nernst—Einstein relation: surface strainl gy, the entropy of alloy mixingU oy,
n(x,tg) and the surface free energy involving the capillarity effect,
J(X,tg)=—D -grad V), (2 Usurface As for the case of GaAs—AlAs alloy semiconduc-

KT tors, the surface strain is almost negligible. Furthermore, the

whereD is the diffusion coefficient of adatoms on the sur- mixing reaction of this system seems to be much smaller
face andU is the chemical potential in the growth system. Asthan those of the other alloys such as InAs—GaAs and InAs—
seen in Eq(2), the gradients of the chemical potential deter-AlAs. Therefore, it could be assumed tHat,, ... accounts
mine the surface diffusion toward a lower potential. In gen-for the most part of the external chemical potentldl,;.

eral, the internal chemical potentidll;,, is distinguished Additionally, Ozdemiret al!® and Biasiolet al!® included
from the external chemical potentidl).,, and the total the capillarity effect in their calculation as the main driving
chemical potentialJ, in the system is the sum &f;; and  factor for surface diffusion of adatoms. Using this, E4)
U They could be represented as follows: can be rewritten as follows:

JVST B - Microelectronics and Nanometer Structures
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Q. In our fitting procedurez(#) has local maxima at particu-
Uex=Usurtace= o+ - (5 lar surface slope angles which correspond@01), (113,
¢ and (111) singular facets that appeared in the present wire

where uq is the chemical potential of bulk anf) is the  growth. The values of(6) on the characteristi001), (113,
atomic volume.ys andr . are the surface free energy and the and (111) singular facets are denoted &g, 7(113), and
radius of curvature, respectively, at the positignand the 7., and they should be closely related to the vertical
time, ty. Since the surface free energy term is a slow varyingyrowth rates measured in the experiments. However, the re-
function as compared with the growth curvature, it can bgationships between these quantities are not direct ones, since
taken to be a constant independent of facet and position astge vertical growth rates are also related to the lateral diffu-
first approximation. By taking account of the capillarity ef- sjon of group Ill adatoms. The value of#6) rapidly de-
fectin this way, any further complex treatment of the bound-creases from these peaks, and this represents the physical
ary condition between the neighboring facets is not necessjtuation that step densities are high at such surface slope
sary. angles. There, the growth proceeds rapidly so as to modify

After the calculation of the adatom density(X,ty), the  the slope in such a way that it reaches quickly the slowly
cross-sectional growth profile is obtained by plotting the ver-growing characteristic facet and stays there as schematically
tical growth thicknessT(x,t4), which is represented by the shown in Fig. %b). Therefore, we used o), (113, and
following equation as a function of the lateral position, 7)) as well as the positions and lifetime values of local

and the growth timetg: minima in the piecewise linear portions graph as the fitting
tgN(X,t)-Q parameters in the present modeling. The temperature depen-
T(X,ty)= - cosd (6) dence ofr(#) was ignored, although a weak decrease with
0

temperature in Arrhenius form is expected according to

When there are more than one species of group Il adaMonte Carlo simulation of GaA&01) surface by Kangawa
toms as in the case of growth of AlGaAs, E8) was solved et al’® The reported activation energy is 0.35 eV, and this
separately for each species, and each contribution was addetiange the value of by a negligibly small factor of 1.4 for
together in calculating E(#6). 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, E@) reduces

The calculation on evolution of the cross-sectional structo the following famous equation for the growth on a crys-
ture of the wire was carried out by numerically solving thetalline facet under an additional supply of group Ill adatoms
differential equation of Eq(1), starting from the initial mesa by lateral diffusion?®?!
pattern consisting afd01) top facet and tw@111) side facets
and standing on &001) plane. For this purpose, the wire AT(x)=AT(0)exp(—X/M), (7a
cross section was divided into a fine mesh structure, and whereAT(x) is increase of grown thickness due to diffusion
standard finite difference method was applied. at the lateral positiong, and\ is the migration length of the

For the calculation, values of the various parameters wergroup Il adatoms on the facet given by
required. It is obvious that, the surface lifetimég), and the \=(D7)Y2 (7b)
diffusion coefficient,D, of group Il adatoms are most im- '
portant parameters which determine the growth features. The measured growth thickness increase is plotted in Fig.

The lifetime of group 11l adatoms is expected to be more6(a) as a function of lateral distance as defined in the inset.
strongly dependent on the step densities of the growing suifhe thickness indeed decreased exponentially with the lateral
face rather than the difference of adatom species. Thus, it idistance increased following by the relation in Ea).
assumed here that the surface lifetime of Ga adatom, and th&tom that, the value of the migration lengtk, was esti-
of Al adatom, are the same, but they depend strongly on theated to be 400 nm for growth of GaAs on GaAsTa},

B. Method of calculation and values of parameters

surface slopeg, as indicated as(6). The dependence af6) =640°C and 90, 370 and 950 nm for growth of AlGaAs on
on ¢ assumed in this study is schematically shown in Fig.GaAs at theTlg,=600 °C, 640 °C, and 680 °C, respectively.
5(b). Since the exact functional dependencertd) is un-  Itis well known that migration length of Ga adatoms is much

known, we employed a piecewise linear form as shown idonger than that of Al adatoms. For example, Kostebal 22
Fig. 5(b) as a first approximation. On the other hand, a dif-reported\(Ga)=1000 nm and\(Al)=40 nm on(001) GaAs
ferent approach for fitting was used recently by Ohtdtika at T4,=610°C. Thus, the above results basically corre-
where the diffusion equation was solved on a terrace witltsponds to that of Ga adatoms.

steps to arrive at a functional efd). However, it is not clear The experimentally obtained diffusion lengths are plot-
how appropriate it is to force the macroscopic diffusionted in Fig. &b) as a function of the inverse of the growth
equation to the events of atomic level on the step-terraceemperature,Tg,,. The data were fitted by the assuming
structures with the mesoscopic length scale. Thus, we soughh  Arrhenius  temperature  dependence af=2X,

for a simplified piecewise linear functional dependenceX exp(—E42kT), and the activation energy of adatom diffu-
shown in Fig. Bb) in order to describe gross average behav-sion, E4, of 4.3 eV was obtained. The presdgy value is

ior of the atomic scale movements near facet boundaries. consistent with a value of 4.0 eV reported by Van Hove

J. Vac. Sci. Technol. B, Vol. 22, No. 4, Jul /Aug 2004
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work by Gebaueret al2®

:} AlGaAs gradients.
]

o GaAs IV. REPRODUCTION OF GROWTH EXPERIMENTS
BY MODELING

A. Growth profiles and growth rates

No and u, disappear by taking

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(1l) by the finite difference
method.

To reproduce the experimentally observed evolution of
cross-sectional structures and to obtain good agreement be-
0 200 400 600 800 tween simulation and experiments as regards the time varia-
tion of the cross section, choice of the values gy,
T(113), and 7117y was found to be extremely important. First
7=0.1sec 11° of all, relation of7(g1)<< 7(113)< 7(111) Was essential to repro-

] duce the experimentally observed evolution of the cross-
3| Teu=680°C 146 sectional structure of wires including the stage of the GaAs
E ridge growth. In other words, the whole process can be re-
garded as a transition from growth ¢d01) facet to that on
(112) facet triggered by presence of a sidd.1) facet. Thus,
appearance dfLl13) facet is a transition stage due to presence
of a local maximum inr(6).

10 Although not as important as the maxima, the positions
and lifetime values of lifetime local minima were found to be

aaaunl
(08s/zW) @

A=2.0x1014 exp(-4.3/2kT)

F T(,,=600"C , , _ | '
L also important in reproducing details of the evolution behav-
C L L L L 1 10" ior of the ridge structures. They were found to be closely
104106 108 11 142 444 116 related to details of the transitional profile shape, its time
1000/Teys (1/K) evolution and their temperature dependence as the growth
(b) proceeds to reveal the new singular facet having a larger

E - . . lifetime. For example, when the local minimum between the
IG. 6. (a) Variation of growth thickness measured as a function of the e .
lateral position andb) the experimentally determined diffusion length vs (113 and(11]) lifetime peaks was chosen to take place ei-
100075, ther very close to th€113) peak or very close to thel1l)
peak, the temperature dependence of the ridge evolution al-
most disappeared as opposed to the experimental findings.
et al,® but it is much larger than 0.7 eV reported by Hata From such observations, efforts were made to reproduce
et al?®and 2.8 eV reported by Ohtt al?* The difference of  the experimentally observed vertical growth rates quantita-
Eq4 values seen in those experiments seems to be due to thigely by choosing a suitable set of values §fo1), 7(113),
difference of arsenic pressures during the growth, becausg;i;), and the values of slopes connecting them. The opti-
the diffusion length of adatoms becomes larger under lowemum functional behavior of(6) found under such a piece-
arsenic pressure, as reported by Skeal?® The V/IIl flux ~ wise linear approximation is summarized in Fig(a)7
ratio used in this study was 30, which was much higher thatNamely, the optimum value afy,)= 100 ms with a relation
the V/III ratio of 1 used in the experiment by Ohgaal?*  of T(001)" T(113) T(111)= 1:2.5:10 was obtained. The optimal
On the other hand, Van Howt al?® used V/III ratio of 10.  minimum position betweerf001) and (113 lifetime peaks
Thus, the preserEy of 4.3 eV seems to represent a valuewas 5°, and that between tli&l3) and(111) facets was 36°.
under a high arsenic pressure condition. The values of vertical growth rates obtained under the
Since diffusion profile measurements were not carried oubptimal simulation conditions are shown in FigbBby bro-
on facets other thaf®01) facet, we assumed that the value of ken lines. They are in excellent agreement with experimental
the diffusion constantD, was the same on the other facets data within a maximum deviation of 5%. o
with the same temperature dependence in the calculation. In The growth sequence of GaAs buffer layer @H0)-
order to take account of the migration length difference in Gaoriented mesa structures simulated under the optimum values
and Al atoms, we assumed the valueDofor Al atoms is 100 of 7oy, 7(113), 7(112) @nd the diffusion constant explained in
times smaller than that for Ga atoms, iX(Ga=10\(Al), in the previous section is shown in Fig(b]. At the early
the calculation. growth stage, the growth thickness at both edgéd6f) top
As for the other parameters in the basic equations, thenesa increased due to the surface diffusion of adatoms from
surface free energyys, was taken to be 3 eV, referring the the neighboring sidél11) facets. After sufficient growth, the

JVST B - Microelectronics and  Nanometer Structures
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facets were formed on th@10)-oriented mesa structure, as
seen in Fig. ). The simulation well reproduced the fea- 500
tures of experimentally grown GaAs ridge structures.

Figures 8a)-8(c) show the -calculated profile of
Aly sGa 7As layers on GaAs ridge structures by changing the 0
T.up0f 600 °C, 640 °C, and 680 °C, respectively. As shown in
Figs. 8a)—8(c), the growth profiles of AlGaAs layer were
strongly dependent on the growth temperatures. Namely, thigc. 8. Calculated growth profiles of the £JGa, /As layer on GaAs ridge
widths of top(113 facets of AIGaAs ridge decrease and the structures{a) Ts,;=600 °C, (b) Tsup=640 °C, and(c) Tsuy=680 °C.
ridge shapes become sharp, Bg, was increased. This is
because the migration lengthincreased from 90 to 950 nm,
and adatoms easily moved from the sidél) facets to the growth of an AlGaAs ridge structure on the GaAs ridge.
top (113 facets or to the bottoni001) plane. Furthermore, Referring to Fig. 1c), the amount of growth was 300 nm in
the facet boundary planes were clearly shown in the simulaterms of the vertical thicknes$;,3) and the initial GaAs
tion of repeated growth, as indicated by the dashed lines indge width W, was 450 nm. The profiles were obtained at
Figs. 8a)—8(c). These growth features agree with those ob-600 °C, 640 °C, and 680 °C. On the ridge top region where a
served in the experiment that are shown in Figb),12(a), QWR is to be formed, the deviation was found to be very
and 2b). small only within a 5 nm(1.6% of T(4,3) which is close to

In order further to clarify how well our model calculation the special resolution limit of our SEM observation. Thus,
reproduces the experiment quantitatively, the difference obur model calculation well reproduced the growth profile of
growth profiles as obtained by subtracting the calculated prothe important ridge QWR region. However, a slightly larger
file from the experimental one is shown in Fig. 9 for the deviation of about 10 nm3.3% of T(;,3) was observed

0 500 1000 1500 2000
x (nm)
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Fic. 10. Comparison of the value of the facet boundary pladgs, be-

tween the experiment and the present simulation.

vertical difference of growth profile (nm)

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

in Fig. 1(b), can be explained as follows. This is due to a
around the boundary between the bott@@1) plane and the slight change in composition between regions grown on

side (111 facets, as shown in Fig. 9. This may represent a(113) facets and111) facets. Figure 11 shows the profile of

limitation arising from the assumed simple piecewise linea’ | COMPposition change of AlGaAs ridge layer calculated for
functional form of(6) used in this study. different values ofT ;. As seen in Fig. 11, Al composition

on top (113 facets is reduced due to the enhancement of

migration of Ga adatoms from sid&11) facets to top(113

facets at higher growth temperatures. This composition dif-
Both the experiment and the simulation indicated that thderence along the facet boundary planes became visible by

facet boundary planes are formed in the AlGaAs ridge layerstain etching, where the GaAs is selectively dissolved into

keeping the constant angldd,y, throughout the entire the etchant.

growth. From the simple geometrical consideration, the

boundary angled,q, should satisfy the following relation, as V. CONCLUSION

B. Evolution mechanism of facet boundary planes

derived first in Ref. 7: In order to understand and precisely control selective
a-tan fgge—tan by MBE growth of GaAs ridge QWRs, detailed investigation of
tanfpg= . (8)  the growth kinetics were made experimentally and an at-

-1 . : .
“ tempt was made to establish a simple theoretical model that

Here, « is the growth rate ratio defined @s=r,/rsge,  can reproduce the growth features quantitatively. Experi-

wherer , is the vertical growth rate on the top facet ande  ments were carried out on the growth ¢F10)-oriented
is that on the side facet},, and 644 are the angles of top

facet and side facet with respect to a flat top of mesa, respec-
tively. In the case of110)-oriented wires grown orf001) top (113) side (111)
substrates, the value @f,,=25.2 andd4e=54.7 should be _(oon — L, o
used as the angle of to13 facet and sidg111) facets, : ]
respectively.

Figure 10 compares the values of the facet boundary
angle, 8,4, 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

Tou,=600"C

T Al rich

[ To=640C |- _
03 === _l‘_L_/JM—_-
oL ]
X Al rich

Al composition of AlGaAs layer

is a consequence of the difference of growth rates between ST _680°C

the neighboring ridge facets caused by incorporation and lat- posubTEE / L‘\ ]

eral diffusion of adatoms. These results indicate that the lat- 03 Pe== 7 W G g 4

eral width of present ridge QWRs can be kinetically con- oL A - -

trolled by the growth conditions and the supply thickness of 0 500 1‘():?“) 1500 2000
X

AlGaAs layer prior the start of wire growth.

. Finally, the reason why the facet bouqdary planes becamgg, 11. Profiles of Al composition change in AlGaAs layers calculated for
visible after etching in the wire cross sections, as clearly seedifferent T,.
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