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Mechanisms of self-ordering in nonplanar epitaxy of semiconductor nanostructures

G. Biasiol,* A. Gustafsson, K. Leifer, and E. Kapon
Department of Physics, Swiss Federal Institute of Technology Lausanne (EPFL), CH-1015 Lausanne, Switzerland
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We have developed an analytic model that describes in detail the establishment of self-ordered profiles
during semiconductor epitaxy on corrugated surfaces. Lateral, self-ordered epitaxy derives from surface gra-
dients in the chemical potential due to the nonplanarity of the profile~capillarity!. The growth rate variation on
the different facets composing the profile determines whether the profile sharpens up at the bottom of the
grooves or at the apex of the corrugations. For alloy growth, additional entropy of mixing effects affect the
profile shape and composition. The predictions of the model were applied to explain the self-limiting surface

profiles obtained by organometallic chemical vapor deposition on@011̄#-oriented grooves. Finally, this model
is used to design a variety of low-dimensional quantum-confined nanostructures.
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I. INTRODUCTION

Low-dimensional semiconductor nanostructures are
portant both for studies of the physics of low-dimension
systems and for potential applications in novel electronic
optical devices.1 While two-dimensional semiconducto
quantum wells~QW’s! are currently fabricated with mono
layer control by state-of-the-art epitaxial techniques, prod
tion of quantum wires~QWR’s! and quantum dots~QD’s!
requires a lateral control on the structure and its composit
which is difficult to achieve with planar epitaxy.

Different approaches have been adopted in order to ob
lateral patterning of these nanostructures. Methods base
etching and regrowth2,3 suffer from defect incorporation into
the lateral interfaces, since they are not formedin situ and
are limited in size by the lithographic features. For this re
son, much effort has been invested in developing techniq
for forming the nanostructuresduring the growth process
This can be achieved if a suitable driving force forlateral
epitaxyis established on the growing surface, which can
der the nanostructures in terms of size, composition,
position. Preferential segregation at steps can produce t
QWR superlattices~SL’s! during growth of a fraction of
monolayers on vicinal substrates,4 while strain fields are the
driving force for Stranski-Krastanow growth of straine
QD’s.5,6 An alternative approach to thisspontaneousself-
ordering method consists in the creation of a surface t
plate before growth, which acts as aseedfor the formation of
nanostructures.1 The sites at which self-limiting profiles ar
formed are determined by the prepatterned profile, wh
their size and shape depend only on the material and gro
conditions. Although this approach introduces an additio
processing step, it can result in better nanostructure un
mity, since it overcomes the intrinsic randomness of
nucleation process, exploited in spontaneous self-orde
techniques. Organometallic chemical vapor deposit
~OMCVD! and molecular beam epitaxy~MBE! on substrates
patterned with V-groove arrays7–12 and pyramidal
recesses13,14 or masked with SiO2 stripes15 have been suc
cessfully employed for the formation of uniform arrays
QWR’s and QD’s.

Despite the remarkable advances in these fabrication t
0163-1829/2002/65~20!/205306~15!/$20.00 65 2053
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niques in the last decade, the essential principles of the s
ordering mechanisms on nonplanar substrates have rema
largely unclear. Experimentally, it has been shown that s
limiting profiles are established thanks to transient diffus
fluxes at the extremal regions of the groove.9,16 The resulting
growth rates thus self-adjust in order to widen or narrow
profile when the deposited material or the growth conditio
are changed and, subsequently, stabilize it to a new s
limiting size.9,16 Such transients, arising for profiles narrow
than;50 nm, cannot be accounted for by conventional d
fusion models of nonplanar OMCVD~Ref. 17! and MBE
~Ref. 18!, which take into account lateral diffusion only du
to the different crystallographic morphology of the face
composing the profile. In this paper, we will show how se
ordering phenomena, taking place at the 10 nm scale at
top or at the bottom of V-shaped profiles, can be accoun
for by capillarity effects, due to the nonplanarity of the su
face. Within this model, size-dependent lateral surface di
sion arises due to gradients of the chemical potential, wh
increase as the profile becomes sharper.19 Capillarity fluxes
modify the intrinsic growth rates on the different facets co
posing the groove, establishing a self-limiting profile evo
tion either at the top of the mesas or at the bottom of
grooves, depending on the intrinsic growth rate anisotrop

In Sec. II we will present the general features of t
model, while in Sec. III we will derive the equations descri
ing the different self-ordering phenomena. In Sec. IV we w
see how our model can interpret the various self-limiti
behaviors observed for different growth techniques and
entations of the corrugations. In Sec. V we will compa
quantitatively the predictions of the model with the se
limiting profiles obtained at the bottom of the grooves w
low pressure~LP! OMCVD.9 Finally, we will show in Sec.
VI how the model can be used to design and predict
formation of a variety of self-ordered quantum-confin
nanostructures.

II. GENERAL EQUATIONS OF THE MODEL

Phenomena of lateral epitaxy can be expressed in term
gradients of the surface chemical potentialm. Since varia-
tions of m are a measure of the thermodynamical drivi
©2002 The American Physical Society06-1
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force for epitaxy, they determine surface diffusion fluxes
wards regions of lowerm. If the surface properties chang
only in one dimension (X), m of the componenti of an alloy
~considered as an ideal solution20! at a growth temperatureT
is written as21

m i5m01V0@st~X!#2/2E1V0@g~u!1g9~u!#k~X!

1kBT ln xi~X!, ~1!

where xi is the component mole fraction. In Eq.~1!, the
second term is related to the tangential surface stressst , E
being the elastic modulus andV0 the atomic volume,6 the
third one~giving rise to capillarity effects! is due to the sur-
face curvaturek ~Ref. 22! and involves the~orientation-
dependent! surface free energyg(u),23 and the fourth one is
a contribution due to the entropy of mixing.20

In the presence of a varying chemical potential, the s
face flux j is given by the Nernst-Einstein relation

j 52
nD

kBT

]m

]s
, ~2!

where n is the surface density of adatoms,D the surface
diffusion coefficient, andds an infinitesimal surface arc
length. For one-dimensional profiles,ds5(dX21dZ2)1/2, Z
being the coordinate parallel to the growth direction. In t
absence of reevaporation~the condition met typically in our
growth conditions!, the time evolution of the profileZ
5Z(X,t) is given by the continuity equation

]Z

]t
5R~X!2V0

] j

]X
, ~3!

whereR(X)5F(X)/V0 is the local growth rate andF(X) is
the local growth flux. In principle, the evolution of th
growth front can be determined by solving the set of eq
tions ~1!–~3! for given initial stress, geometry, and compo
tion surface profiles. Analytical solutions can be found, ho
ever, only in particular cases and with suitab
approximations. The effects of lateral gradients of stress,
virtually planar surfaces, have been treated in the analys
the vertical self-organization of Stranski-Krastanow InA
GaAs islands.6 Thermal flattening of a nonplanar profile wa
treated analytically in the 1950s by Mullins for the case
shallow corrugations (ds.dX) and above the roughenin
transition, when the smoothly varying surface free ene
can be approximated as a constant.19 Below the roughening
transition, the appearance of low-index, high-symmetry f
ets~related to cusps in the surface free energy23! complicates
the diffusion kinetics, whose description still remains som
what controversial.24

The profiles treated here are constituted of artific
deeply etched grooves,7–12,16,25which develop characteristi
facets during growth, both at the top and at the bottom of
grooves. The simplified Mullins approach is therefore n
valid in our case, since cusps in the surface energy, ass
ated with the faceting of the profile,23 cannot be treated in th
expression~1! of the chemical potential. If the profile is com
20530
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pletely faceted, it is more convenient to express the chem
potential on any facetj, with areaAj , and bounded byN
other facets, as23,26

m j5m01
V0

Aj
(
i 51

N

~g icscu i j 2g jcotu i j !l i , ~4!

whereu i j is the angle between facetsi and j, l i is the length
of the straight boundary between facetj and i, andg i is the
surface free energy of faceti. This relation can be derived, in
analogy with its continuum equivalent in Eq.~1!, by evalu-
ating the change in surface energy associated with a par
displacement of surfacej.23 Note that the anisotropy of the
surface free energy is taken into account without the lim
tions of Mullins’ expression. Here, the local~generally two-
dimensional! curvaturek is replaced by the individual con
tributions l i /Aj for each facet. Their meaning can be eas
understood by considering a rectangular facet with areaAj
5 l 1l 2: in this casel 1 /Aj51/l 2 is the inverse of the width of
facetj in the direction perpendicular to the boundary 1 and
therefore directly related to the facet curvature in this dir
tion.

Several facets develop during growth. For example, in
OMCVD, growth profiles are composed of a central~100!
and two lateral$311%A facets at the extremal regions both
the top and at the bottom of the grooves, separated by s
wall planes whose orientation is typically 5° –10° o
$111%A towards @100#.9 For simplicity, we will, however,
take into account in our model a profile composed only
top ~t! and bottom~b! parallel facets, separated by a sidew
~s! inclined by an angleu ~see Fig. 1!. This will simplify the
calculations, since it symmetrizes the boundaries of all fac
and allows a more direct interpretation of the role of t
parameters involved. Some highlights of a model taking
account the full faceted structure of the profile will be d
cussed in the Appendix. For the profile of Fig. 1, the chem
cal potential on the top (t), sidewall (s, inclined by an angle
u), and bottom~b! faces, derived from Eq.~4!, assumes the
form, respectively,26

m t5m01
gV0

l t
,

ms5m0 ,

FIG. 1. Top: schematic cross section of a nonplanar profile co
posed of a top~t! and a bottom~b! parallel facet, separated by
sidewall ~s! inclined at an angleu. Bottom: chemical potential on
each facet.
6-2
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mb5m02
gV0

l b
, ~5!

wherel t and l b are the widths of the top and bottom face
respectively,g52(gscscu2gbcotu), andgb5g t since they
have the same orientation. Note thatm t.ms.mb , as shown
at the bottom of Fig. 1, which sets diffusion fluxes direct
towards the bottom region and, consequently, results in
increase~decrease! of the growth rate at the bottom~top!.

To determine these resulting growth rates, we have to
a suitable form of the Nernst-Einstein and continuity eq
tions ~2! and~3! for the discontinuousm written above, tak-
ing into account also a nonuniform growth flux. Derivativ
of the chemical potential and of the diffusion flux should
replaced by discrete variations across neighboring fac
Solving this set of equations will determine the growth ra
on each facet, subject to lateral diffusion fluxes due to c
illarity effects. We follow the same formalism that Xieet al.6

applied to the case of the vertical self-organization
strained InAs islands. Equation~2! can be discretized by in
troducing a surface flux from facetj to the neighboring face
i:

j i j 5
ni j D j

kBT

m j2m i

l i j
, ~6!

where ni j is the surface density of adatoms at the fac
boundary andl i j , in analogy with the case of strain
dependent chemical potential,6 is a distance over which th
effects of curvature become negligible. We therefore assu
l i j ; l t and l b for diffusion to the top and bottom facets
respectively. Note thatD j /kBT is the adatom surface mobi
ity on the facetj, and (m j2m i)/l i j is the average driving
force for adatom diffusion. Using Eq.~5!, Eq. ~6! gives the
fluxes at the interfaces between the sidewall and the top
bottom regions, respectively:

j ts5
ntsDs

kBT

ms2m t

l t
52

ntsDsV0g

kBTlt
2

,0,

j bs5
nbsDs

kBT

ms2mb

l b
5

nbsDsV0g

kBTlb
2

.0, ~7!

whereDs is the diffusion coefficient on the sidewalls.
The growth rates27 on each facetj, surrounded by facetsi

andk, are determined by the discretized continuity equat

dZj

dt
5Rj~X!1

V0

l j
~ j i j 2 j jk!. ~8!

The ‘‘deposition’’ termsRj (X) depend generally on the crys
tallographic orientation of the facet and on the geometry
the surface. For example, in OMCVD the presence o
groove can affect the precursor fluxes supplied from the
phase,11,17 while in MBE shadowing effects can be prese
for off-normal molecular beams.12 Both effects could in prin-
ciple reduce the growth rate at the bottom of the grooves
our structures, however, no growth rate variations are
served across the sidewall planes, in going from the top
20530
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the bottom of the mesas. This indicates that a very str
lateral diffusion of precursor species can wash out geome
effects on the gas phase fluxes. This is a peculiarity of L
OMCVD growth by means of trimethyl group-III precursor
as compared to MBE~where the growth rate on a facet in
clined at an angleu is reduced by a factor cosu), or OM-
CVD with the much more unstable triethylGa and dimeth
ethylaminealane precursors~where a significant reduction o
the growth rates at the bottom of the grooves is observed11!
In our case and for MBE in the absence of shadowing
fects, we can define therefore the growth rate on each f
as Rj5Rrj , where R is the ‘‘nominal’’ growth rate on a
planar ~100! reference sample andr j an incorporation rate
for facetj, relative to the nominal one, depending only on t
facet orientation. The growth rates at each facet then bec

dZt

dt
5Rrt1

2V0 j ts

l t
,

dZs

dt
5Rrs2

V0

l s
~ j ts1 j bs!,

dZb

dt
5Rrb1

2V0 j bs

l b
. ~9!

In the relations above, we take into account the symmetry
the boundaries limiting the top~bottom! facets, which yields
j st52 j ts( j sb52 j bs). Note thatj ts,0 and j bs.0.

Finally, the lengths of the facetsl t andl b are related to the
growth rates by the geometric relations, valid for a conv
and concave profile, respectively:

dlt
dt

5pS dZs

dt
2

dZt

dt D5pFRDr st1V0 j tsS 1

l s
2

2

l t
D1V0

j bs

l s
G ,

dlb
dt

5pS dZb

dt
2

dZs

dt D
5pF2RDr sb2V0 j bsS 1

l s
2

2

l b
D1V0

j ts

l s
G , ~10!

where the growth rate anisotropy parameters are define
Dr st5r s2r t andDr sb5r s2r b . The geometric factorp de-
pends on the facets intersection angle. To reproduce corre
the proportionality between the growth rate and the fa
expansion rate in LP-OMCVD-grown structures, we mu
take into account that the intersection between the sidew
and the extremal regions takes place at the$311%A/sidewall
boundary~see Fig. 2 for the bottom region!, even if we dis-
regard the faceted nature of the extremal regions. From
2, we obtainp52/(tanu2tana), wherea.25° is the angle
that the $311%A facet forms with the~100! plane and the
factor 2 is due to the~symmetric! variations on both sides o
the bottom facets. Since typically in our structuresu'45°,9

we havep.3.75.
6-3
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III. PREDICTIONS OF THE MODEL

A. Flattening of the profile in the absence of growth

If no growth flux is present, Eqs.~9! become, with the
fluxes described by Eq.~7!,

dZt

dt
52

C

l t
3

,

dZs

dt
5

C

2l s
S 1

l t
2

2
1

l b
2D ,

dZb

dt
5

C

l b
3

, ~11!

with

C5
2nV0

2Dsg

kBT
,

where in this casen is the equilibrium surface density o
adatoms.

We will limit our analysis to only the first phases of th
relaxation process, when the evolving contour is still sha
preserving and the sidewall regions are still extending o
the majority of the grooved profile:l s@ l t ,l b . This implies
that, in Eq.~11!, udZs /dtu!dZt /dt, dZb /dt, and therefore
Eqs.~10! become

dlb,t

dt
>

Cp

l b,t
3

,

for the top and bottom facets, respectively. These equat
can be integrated, yielding

l t~ t !5 l t0~11t/t t!
1/4, t t5 l t0

4 /4Cp,

l b~ t !5 l b0~11t/tb!1/4, tb5 l b0
4 /4Cp, ~12!

wherel b,t05 l b,t(t50). These expressions show that both t
top and bottom of the profile tend to widenad infinitum in
the absence of a growth flux. Therefore, as expected qua

FIG. 2. Schematic illustration showing the geometrical relat
between an infinitesimal height variation of the sidewallsdZs and
of the bottom facetsdZb , and the corresponding variation in th
extension of the bottom regiondlb .
20530
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tively from Mullins’ analysis,19 nonplanar self-limiting pro-
files cannot be established in the presence of surface d
sion alone. This monotonic expansion of the groove extre
will eventually lead to its planarization, although with a di
ferent time dependence than the one predicted by Eq.~12!,
which is valid only for the initial stages of surface relaxatio

B. Self-limiting profiles during epitaxial growth

In the presence of a growth flux, the quantitiesnts andnbs
can be determined by applying the procedure of Ref. 6
the sidewalls. For our geometry, however~where we are in-
terested in the limitl s@ l t,b), these densities can be approx
mated asnts,bs.Rrsts /V0, wherets is the lifetime for ada-
tom incorporation on the sidewalls~adatom desorption can
be neglected under our growth conditions!. With this ap-
proximation, the set of equations~9! becomes

dZt

dt
5RS r t2r s

C

l t
3D ,

dZs

dt
5RrsF11

C

2l s
S 1

l t
2

2
1

l b
2D G ,

dZb

dt
5RS r b1r s

C

l b
3D , ~13!

with

C5
2V0Ls

2g

kBT

and Ls[(Dsts)
1/2 being the adatom diffusion length. Wit

the approximationl s@ l b,t we can neglect the capillarity ef
fects on the sidewalls and assumedZs /dt.Rrs . Equations
~13! show that capillarity tends to direct adatoms to the co
cave bottom region and to drive them away from the conv
top region.

According to Eq.~10!, self-limiting profiles are achieved
when the growth rates on two neighboring facets are eq
Due to the crystallographic equivalence between the top
bottom regions, we can assumer t5r b and hence,Dr st
5Dr sb[Dr . Therefore, equalization of the growth rates
two adjacent facets is possible either at the bottom of
groove or at the top of the mesa, depending of the sign of
growth rate anisotropyDr . If Dr .0, self-limiting growth is
obtainedat the bottom of the groove, while if Dr ,0, self-
limiting growth is obtainedat the apex of the corrugations.
In either case, the self-limiting widthsl b,t

sl are obtained by
settingdlb,t /dt50 in Eq. ~10!:

l b,t
sl 5S C

r s

uDr u D
1/3

. ~14!

Therefore, a self-limiting evolution of a concave~convex!
profile is possibleonly if the growth rate on the surroundin
facets, in the absence of the positive~negative! capillarity, is
larger ~smaller! than that at the curved region in questio
6-4
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The two different situations are sketched in Fig. 3. Part~a!
describes the profile evolution for the caseDr .0: the addi-
tional, capillarity-induced growth rate at the bottom fac
balances exactlyr s , yielding self-limiting growth in this re-
gion. At the top, capillarity decreases further the growth r
on this facet, which therefore expands indefinitely, leading
a planarization of the groove. Part~b! describes the situation
for Dr ,0, where capillarity can compensate for the grow
rate anisotropy at the top, while the bottom facet will alwa
grow faster than the sidewalls, thus expanding and lead
eventually to planarization.

C. Evolution towards self-limiting profiles

From relations~13! and~14!, the GaAs growth rate at th
bottom of the groove~relative to the nominal one! can be
written for Dr .0 andDr ,0, respectively, as

dZb

dZn
5r b1Dr S l b

sl

l b
D 3

, ~15a!

dZt

dZn
5r b1Dr S l t

sl

l t
D 3

, ~15b!

wheredZn5R dt. For the self-limiting bottom region, Eq
~15a! states that the bottom growth rate~i! diverges forl b

! l b
sl , since in this limit the~negative! bottom chemical po-

tential and the related surface diffusion fluxes diverge@see
Eqs.~5! and~7!#; ~ii ! approachesr s for l b→ l b

sl , establishing
a uniform growth rate across the bottom faceted profile;
~iii ! approachesr b for l b@ l b

sl , since in this limit the capillar-
ity ~and entropy of mixing! effects become negligible@see
Eqs.~5! and ~7!#.

The self-limiting behavior at the top, described by E
~15b!, is similar. However, note that whenl t is sufficiently

FIG. 3. a! Schematic evolution of a V-grooved profile for
positive growth rate anisotropy~see text!, yielding self-limiting
propagation of the bottom facet, thanks to capillarity effects. b! The
same for a negative growth rate anisotropy, yielding self-limiti
propagation of the top facet.
20530
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small @ l t, l t
sl(2Dr /r b)1/3# this equation would predict an

overallnegativegrowth rate at the top, due to the dominan
of negative capillarity effects. This situation could occur, f
example, in GaAs growth on extremely sharp, etched rid
of a GaAs substrate. On the other hand, this equation ca
predict correctly the profile evolution for the first stages
GaAs/AlGaAs heteroepitaxy in the casel t, l t

sl(2Dr /r b)1/3,
since a negative growth rate would in this case invo
capillarity-induced diffusion of the different underlying ma
terial, with lower diffusion length andl t

sl .
From Eq.~15!, the self-limiting evolution of the bottom o

top profiles~10! can be written as a function of the nomin
growth thickness:

dlb
dZn

5pDr F S l b
sl

l b
D 3

21G ~Dr .0!, ~16a!

dlt
dZn

52pDr F S l t
sl

l t
D 3

21G ~Dr ,0!. ~16b!

Consistently with the analysis of the bottom growth rat
relations~16! show thatl b and l t tend to expand~contract!
when their size is smaller~larger! than their self-limiting one.
The recovery rates increase as these deviations become
ger. Therefore,l b and l t will always tend towards their self
limiting values, defined only by the material and the grow
conditions. In particular, if the initial width of a bottom face
is much narrower than the self-limiting one, a rapid expa
sion of this facet will occur during the initial stages o
growth. Conversely, if the initial profile is much wider tha
the self-limiting one, then the profile will contract initially a
a rate}uDr u ~i.e., theintrinsic growth rate anisotropy!, since
in this limit capillarity effects are negligible. The bottom an
top profile evolutions in this latter case are shown schem
cally in Figs. 4~a! and 4~b!, respectively.

FIG. 4. ~a! Self-limiting evolution of the bottom profile, for the
caseDr .0 andl b. l b

sl . ~b! The same for the top profile, withDr
,0 andl t. l t

sl .
6-5
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D. Self-ordering of alloys: Entropic contributions

OMCVD growth of AlxGa12xAs alloys on V-grooved sur-
faces results in the formation of a self-limiting, Ga-richver-
tical quantum wellat the bottom of the corrugations.28 This
compositional modulation can be easily understood in te
of the stronger surface diffusion of Ga, with respect to Al29

which gives rise to larger capillarity fluxes of Ga towards t
bottom for a given surface profile@see Eq.~7!#. The partial
compositional ordering due to capillarity results in a d
crease of the surface entropy of mixing, with respect to
one for a uniform composition.20 Entropy of mixing effects
cause an increase of the bottom chemical potential for
adatoms and a decrease of the one for Al adatoms, there
hindering Ga diffusion and enhancing Al diffusion towar
the bottom. The resulting partial growth rates of AlAs a
GaAs can be written as

dZb
A

dt
5xRF r b

A1Dr AS l b,A
sl

l b
D 3

12S Ls
A

l b
D 2

ln~x~12k!1k!G ,
dZb

G

dt
5~12x!RF r b

G1Dr GS l b,G
sl

l b
D 3

12S Ls
G

l b
D 2

ln
x~12k!1k

k G ,
with indexesA referring to AlAs andG referring to GaAs.
The last terms in both equations are the entropy of mix
contributions, where the bottom Al mole fractionxb has been
expressed asxb5x/@x(12k)1k#. This relation is typical of
diffusion models involving enthalpic and entropic contrib
tions that can be derived empirically by assuming an ove
local Ga flux at the bottom~growth plus lateral! being en-
hanced by a factork.1, with respect to that of Al.30 The
alloy self-limiting width of the bottom facet, resulting from
the equalization of the bottom and sidewalls growth rates
the solution of the equation

a

~ l b
sl!3

1
b

~ l b
sl!2

5Dr ~x!, ~17!

with

a5xDr A~ l b,A
sl !31~12x!Dr G~ l b,G

sl !3,

b52H x~Ls
A!2ln@x~12k!1k#1~12x!

3~Ls
G!2ln

x~12k!1k

k J ,

Dr ~x!5xDr A1~12x!Dr G.

The self-limiting profile of an alloy is therefore expressed
the result of the interplay among capillarity (a), entropy of
mixing (b), and growth rate anisotropy@Dr (x)#.

The evolution of the alloy growth rate and facet width
the bottom are given by, respectively,

dZb

dZn
5r b~x!1Dr ~x!S l b

sl

l b
D 3

1
b

l b
3 ~ l b2 l b

sl!, ~18a!
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dlb
dZn

5pH Dr ~x!F S l b
sl

l b
D 3

21G1
b

l b
3 ~ l b2 l b

sl!J , ~18b!

which are identical to Eqs.~15a! and~16a! for a binary III-V
compound, except for the entropy-related term@proportional
to theb term in Eq.~17!#. Note that the qualitative behavio
of the profiles~Sec. III C! remains valid also in the case o
alloy growth.

IV. INTERPRETATION OF EXPERIMENTAL GROWTH
BEHAVIORS

The observed behavior of nonplanar epitaxy depe
critically on the growth technique and on the orientation
the corrugations. OMCVD on GaAs~100! substrates pat-

terned with @011̄#-oriented grooves gives rise to straig
sidewall planes, misoriented about 5° –10° from$111%A to-
wards~100!, whose orientation is preserved during growth9

Their uniform growth rate is generally 20%–25% high
than that on the facets at the bottom and apex of the co
gations, probably due to the high density of steps forming
these high-index planes. In agreement with our model,
positive growth rate anisotropy yields a self-limiting evol
tion of the bottom growth front, while the top region expan
until planarization is accomplished@see Fig. 3~a!#.9 Uniform,
vertical arrays of~In!GaAs/~Al !GaAs QWR’s have been suc
cessfully grown at the bottom of the grooves with th
technique.7–11Notice that a similar self-limiting formation o
QWR’s at the bottom of V grooves can be obtained as w
with OMCVD on ~100! substrates patterned wit

@011̄#-oriented SiO2 stripes.31 On the other hand, MBE on
@011# grooves exposes exactly oriented$111%B sidewalls,
whose growth rate is much smaller than on the extrem
~100! facets.16 In this case, the negative growth rate anis
ropy causes a narrowing of the top of the mesas and
balance capillarity fluxes in this region, while the botto
does not present any self-limiting behavior@see Fig. 3~b!#.
With this technique, self-ordered QWR’s have been gro
on the top facets.12 Some examples of OMCVD growth o
GaAs ~100! patterned with@011#-oriented SiO2 stripes have
shown a similar behavior, with the formation of exactly o
ented$111%B sidewalls;15 therefore, the groove orientation i
a critical parameter in defining the growth rate anisotro
and consequently the self-ordering behavior. On the ot
hand, MBE on@011̄#-oriented grooves generally does n
exhibit clear self-ordering behavior either at the top or at
bottom of the corrugations, probably due to the instability
the sidewall planes. AlAs growth is an exception, yielding
resharpening behavior at the bottom of the grooves.25

To compare in more detail the predictions of the mod
for the experimental profiles, we will concentrate on se
limiting GaAs/AlxGa12xAs bottom profiles grown by low-
pressure~20 mbar! OMCVD on GaAs~100! substrates pat-
terned with@011̄#-oriented V grooves. Growth details can b
found in Ref. 9.
6-6
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V. APPLICATION OF THE MODEL TO NONPLANAR
OMCVD GROWTH

A. Al xGa1ÀxAs profiles: Dependence on the composition

Figure 5~a! shows a series of dark-field transmission ele
tron microscopy ~TEM! cross sections of self-limiting
Al xGa12xAs layers grown at 700 °C, withx increasing be-
tween 0.30 and 0.75. Nominally 5-nm-thick GaAs marke
were inserted to measure the self-limiting AlxGa12xAs pro-
file width. The images show that the bottom profile becom
sharper as the Al mole fraction is increased, while the an
between the sidewalls slightly decreases. Note the fac
nature of the profile, composed of a central~100! plane sepa-
rated from the high-index sidewalls by two$311%A planes
~see third image from top!. The recovery of the AlxGa12xAs
self-limiting profile after its broadening during GaAs grow
is accompanied by the approaching of the three vert
quantum well~VQW! branches that correspond to each b
tom facet.28 In Fig. 5~b! we show the dependence of th
self-limiting width of the bottom profilel b

sl @(100)1$311%A
width; see arrow in Fig. 5~a!# on the composition for a serie
of different samples grown at 700 °C. Since the nomi
growth ratesR are different for different Al compositions an
our model implies a dependence of the profile width
R21/3 ~see below!, we have normalized the values ofl b

sl to
the cubic root of the alloy growth rates, relative to the Ga
one. Since the maximum growth rate was 0.53 nm/s and
minimum ~for GaAs! was 0.25 nm/s, this normalizatio
yields a correction factor of at most 1.25. The data show
the profile sharpens up by a factor of about 15 upon go
from GaAs to AlAs.

To model the evolution of the bottom profile withx, we
apply Eq.~17!, which takes into account independent Ga a
Al adatom diffusion, as well as the effects of the entropy
mixing. Note that, since (Ls

G)2@(Ls
A)2, the AlAs term ofb is

negligible for the entire composition range with respect
the GaAs one. We will therefore neglect the AlAs entro
term, thus ascribing any entropy-related compositional va
tions in the VQW toGa diffusionaway from the bottom. In
Fig. 5~b! we fit the experimental data with the solution of E
~17! ~solid line!. In the fit, we leftLs

G as the only free pa-
rameter, as we inferred the other quantities from the exp
ments: k51.8160.05,30 l b,G

sl 512963 nm, l b,A
sl 59.1

60.1 nm, andDr G50.2260.05. We have no reliable est
mate forDr A at our disposal; however the fit is very inse
sitive to this parameter: by changingDr A from 0 to 1, the
corresponding best fit ofLs

G varied only by about 4%, with-
out affecting the quality of the fit. The main source of unc
tainty in the fit is the error inDr G, which causes a;10%
error in the determination ofLs

G : Ls
G5175620 nm. The Ga

diffusion length on the sidewalls is therefore smaller than
the ~100! ridges ~estimated to be>0.5 mm at 700 °C by
atomic force microscopy measurements!. This conclusion is
consistent with the fact that the sidewalls consist of hig
index planes, with a higher density of steps and kinks,
hence a better incorporation efficiency than the monolay
smooth~100! facets.
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FIG. 5. ~a! Dark field TEM cross sections of a series of fo
self-limiting AlxGa12xAs layers, grown by low-pressure OMCVD
at 700 °C, withx ranging between 0.30 and 0.75, where nomina
5-nm-thick GaAs markers were inserted.~b! Measured self-limiting
width of the bottom profile, as a function ofx for 700 °C. The solid
line is a fit to the data, with the function defined in Eq.~17!. Long-
dashed and short-dashed lines, delimiting the shaded region, r
sent the dependence ofl b

sl on x neglecting the entropy of mixing
effects and settingDr G50.22 andDr A51 or Dr A→0, respectively
~see text for details!.
6-7
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Without entropy of mixing effects, the solution of Eq
~17! would reduce to

l b
sl5S a

Dr ~x! D
1/3

5S x~Dr A/Dr G!~ l b,A
sl !31~12x!~ l b,G

sl !3

x~Dr A/Dr G!1~12x!
D 1/3

.

We indicated with a shaded region in Fig. 5~b! how l b
sl would

depend onx, according to the expression above, setting
limiting valuesDr G50.22 andDr A51 ~long-dashed line! or
Dr A→0 ~short-dashed line!. It is clear that the experimenta
results cannot be reproduced with this simplification~unless
one takes unphysically large values of the ratioDr A/Dr G of
the order of 60!.

B. AlxGa1ÀxAs profiles: Dependence on the growth
temperature

Figure 6~a! shows a series of dark-field TEM cross se
tions of self-limiting Al0.45Ga0.55As layers, grown at differen
temperatures (600–765 °C). Nominally 8.7-nm-thick Ga
markers were inserted to measure the self-limit
Al0.45Ga0.55As profile width. Reducing the growth temper
ture has qualitatively the same effect of increasing the
mole fraction, i.e., a sharpening of the profile and a sli
reduction in the angle between the sidewalls. The pro
sharpening can be understood in both cases as due to
reduction of the diffusion length@see Eq.~14!#.

Equation~14!, valid for GaAs, can be rewritten as

l b
sl5S r s

Dr

2V0g

kBT
DstsD 1/3

, ~19!

with Ds of the Arrhenius formDs5Ds0exp(2EB /kBT), EB
being the activation energy for diffusion. The parame
ts can be approximated as the average time passing betw
the arrival of two adatoms at the same site; thus,ts51/R
~if R is expressed in ML/s! ~Ref. 32! can be considered
as a temperature-independent quantity. Therefore, the
perature dependence ofl b

sl has an Arrhenius form
exp(2EB/3kBT), Dr being virtually constant in the tempera
ture range considered.33 For AlxGa12xAs, the temperature
dependence ofl b

sl , given by Eq.~17!, is more complicated
and comes essentially from the Arrhenius form ofl b,A

sl , l b,G
sl ,

Ls
A , andLs

G .
The profile width is characterized by the length of t

~100! and$311%A facets. However, when the profile becom
too narrow, these facets are not easily distinguishable. In
case, it is useful to approximate the profile with a hyperb
tangent to the bottom and sidewall facets@see the third pro-
file from top in Fig. 6~a!#.34 The growth front is therefore
fully identified by the radius of curvaturer at the bottom of
the hyperbola@that is, proportional to the~100!1$311%A
facet length# and by the asymptotic angleu between the
sidewalls and the horizontal. It can be shown analytica
that, except for a geometrical proportionality factor, t
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equations describing the self-limiting profiles and the pro
evolution are the same, whether expressed in terms ol b

or r.
We have examined the temperature dependence of

self-limiting profiles for AlxGa12xAs alloys for 0,x,0.45.
Figure 6~b! shows Arrhenius plots ofrsl for x50, 0.19, 0.29,
and 0.45 for growth temperatures ranging from 600
750 °C. The Arrhenius fit for GaAs givesEB

G51.960.3 eV.
The GaAs behavior can be plugged into Eq.~17! to fit the
Al xGa12xAs profiles, as a function ofLs

G only. As before, we
have assumed (Ls

G)2@(Ls
A)2, fixed Dr G50.2260.05 ~this

value does not change appreciably withT, in the range con-
sidered!, and verified the insensitivity of the fit to the valu
of Dr A. Least-squares fits of the AlxGa12xAs profiles, shown
in Fig. 6~b!, are practically indistinguishable from Arrheniu
laws and yieldEB

A52.360.2 eV, consistently for the thre

FIG. 6. ~a! TEM cross sections of a series of four self-limitin
Al0.45Ga0.55As layers, grown at temperatures ranging between 6
and 765 °C, where nominally 8.7-nm-thick GaAs markers were
serted. The dashed line represents a hyperbolic fit of the gro
profile. ~b! Arrhenius plot ofrsl , for AlGaAs alloys with composi-
tion ranging betweenx50 andx50.47. Solid lines are fits of the
experimental data with Eq.~19! ~GaAs! or Eq. ~17! (Al xGa12xAs).
6-8
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MECHANISMS OF SELF-ORDERING IN NONPLANAR . . . PHYSICAL REVIEW B 65 205306
compositions. This higher energy is consistent with stron
Al-As bonds with respect to Ga-As ones.29 A more quantita-
tive discussion of these values, in comparison with what
been found on~100! surfaces, is, however, not useful due
the wide range of results obtained on this orientation.29

Finally, we can estimate the order of magnitude ofLs
G and

Ls
A . By using Eq.~19! with g'50 meV/Å2,35, r s;1, Dr

;0.2, and, for example, the measured values ofl b
sl in GaAs

and AlAs layers at 700 °C (;100 nm and;10 nm, respec-
tively!, we obtainLs

G'150–200 nm andLs
A'5 nm. This

value ofLs
G agrees well with the estimate given in the pr

vious section.

C. Effects of the growth rate

By decreasing the growth rateR, the self-limiting profile
should expand~until it becomes planar in the absence
growth—see Sec. III A! since effects of diffusion toward
the bottom of the groove become increasingly dominant w
respect to the effects of growth rate anisotropy. We h
verified this hypothesis on self-limiting GaAs profiles, wi
growth rates ranging between 0.036 and 0.370 nm/s. T
series of layers were grown at 650 and 700 °C, respectiv
The GaAs layers were separated by 10-nm-thick AlGa
markers, grown at 0.5 nm/s. As verified in previous studie36

all the GaAs layers were thick enough to ensure the achie
ment of a self-limiting GaAs profile at their top interfac
Figure 7~a! is a TEM cross section of the series grown
650 °C. The growth rates increase progressively from laye
to 4. It can be seen from the upper interface of the Ga
layers and the corresponding AlGaAs markers that the pro
narrows down asR increases. Figure 7~b! showsrsl for T
5650 °C~circles! andT5700 °C~squares!, as a function of
1/R, displayed in a log-log scale. In both cases,rsl decreases
by a factor of;2.5 upon increasing the growth rate fro
0.036 to 0.370 nm/s. With the approximation above forts

51/R, we would expectl b
sl ~or rsl);R21/3. A power fit of

the data of Fig. 7~b! gives an exponent of20.3660.05 for
T5650 °C and20.3260.06 forT5700 °C~see lines in the
figure!, showing that this simplifying interpretation ofts is
able to explain quantitatively the observed dependence orsl
on the growth rate.

D. Flattening of the profile in the absence of growth

To examine the thermal relaxation of the nonplanar s
face profiles, we have compared the predictions of the mo
developed in Sec. III A for the bottom of the groove with
series of AlGaAs profiles, in which growth was interrupt
for increasing time intervals after deposition of 100-nm-th
AlGaAs layers. This thickness is sufficient to ensure
achievement of a self-limiting profile in AlGaAs, just befo
the interruption.9 Here 5-nm-thick GaAs marker layers we
grown immediately after the growth interruptions, to quen
and observe the relaxed AlGaAs profiles. Figure 8~a! shows
the schematics of this layer sequence and TEM cross
tions of two examples of such studies: name
Al0.45Ga0.55As layers grown at 700 °C without~top! and with
~bottom! a 1800 s growth interruption before the marker la
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ers. The widening of the profile due to the growth interru
tion is evident. In Fig. 8~b!, we plot the bottom curvaturek
51/r of the Al0.45Ga0.55As profile for T5700 °C ~circles!
and 750 °C~squares!, as a function of the growth interrup
tion time t, in a log-log scale. For both temperatures,k de-
creases by about a factor of 3, whilet increases from 0 to
1800 s.

The curvaturek should tend to zero following the law

k5
k0

~11t/tb!a
, ~20!

wherea50.25, according to Eq.~12!. The log-log plot evi-
dences thet2a dependence of the curvature, fort/tb@1. The
solid and dashed lines are a fit of the data for 700 a
750 °C, respectively, with the function~20!, in which the fit
parameters aretb and a, while k0 ~self-limiting curvature
for the givenx andT) is taken as the measured value ofk for
t50. The fit to the two series of data yields values of 0.
60.02 and 0.2760.02 fora and 39610 s and 3365 s for

FIG. 7. ~a! Dark-field TEM cross section of four GaAs layer
separated by AlGaAs markers and grown at 650 °C. The nom
growth rates were 0.036 nm/s~layer 1!, 0.102 nm/~2!, 0.295 nm/
~3!, and 0.370 nm/~4!, and the nominal thicknesses ranged betwe
25 and 50 nm.~b! Log-log plot ofrsl in GaAs layers, as a function
of the inverse of the growth rate, forT5650 °C ~circles! and
700 °C ~squares!. Lines are power fits to the data~see text!.
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tb , at T5700 and 750 °C, respectively. The good match
the value of a with the theoretical value 0.25 demonstra
the validity of the model and of the simplifications assum
The possible slight decrease of the recovery timetb with T
can be associated with the Arrhenius dependence onT of n,
which is the main quantity influencing the temperature
havior of tb , through relations~11! and ~12!.

E. Evolution of GaAs and AlxGa1ÀxAs profiles

We have compared the calculated and the experime
results for the time evolution ofl b towards its self-limiting
value for GaAs, Al0.3Ga0.7As, and Al0.45Ga0.55As, grown at
650 and 700 °C. The samples consisted of a sequenc
layers of increasing thickness, up to a thickness for whic
self-limiting profile is established~about 50 nm!. GaAs lay-
ers were grown on self-limiting AlxGa12xAs profiles, and
Al xGa12xAs layers were grown on self-limiting GaAs pro
files.

Figure 9~a! shows l b , as a function ofZn , for GaAs
grown at 650 °C on self-limiting Al0.3Ga0.7As ~circles! and at
700 °C on self-limiting Al0.45Ga0.55As ~squares!. Both pro-
files evolve towards their self-limiting sizes as the Ga

FIG. 8. ~a! Left: schematics of the layer sequence used for
growth interruption studies. Right: TEM cross sections of the p
files at the bottom of the groove for a growth interruption of 0
~top! and 1800 s ~bottom!, after growth of a 100-nm-thick
Al0.45Ga0.55As layer at 700 °C.~b! Self-limiting curvaturek51/r at
the bottom of a V groove in Al0.45Ga0.55As alloys, as a function of
the growth interruption time, forT5700 °C ~circles! and 750 °C
~squares!. Solid and dashed lines are fits of the experimental d
with the function ~20!. The exponent appearing in Eq.~20! is a
parameter of the fit.
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thickness increases~see Table I!. The time evolution of the
GaAs profile has been modeled by integrating numerica
Eq. ~16a!. The solid line represents the simulated profile ev
lution according to this equation, where we have selected
values ofl b

sl andDr measured experimentally~see Table I!.
The evolutions of both GaAs profiles are well reproduced
the theoretical curves with our choice of parameters.

e
-

a

FIG. 9. ~a! Measured evolution of the GaAs profile widthsl b

towards their self-limiting valuel b
sl as a function of the nomina

thickness, forT5650 °C, grown on Al0.45Ga0.55As ~circles!, andT
5700 °C, grown on Al0.3Ga0.7As ~squares!. Solid lines are theoret-
ical predictions of the profile evolutions@Eq. ~16a!#, with the pa-
rametersl b

sl andDr fixed as the values determined experimenta
~see text!. ~b! Measured evolution of the Al0.3Ga0.7As profile widths
l b towards their self-limiting value as a function of the nomin
thickness, forT5650 °C ~circles! and T5700 °C ~squares!, both
grown on self-limiting GaAs. Solid lines are fits of the data, wi
the parametersl b

sl andDr (x) fixed as the values determined expe
mentally and the Ga diffusion length on the sidewalls as a fitt
parameter~see text!.

TABLE I. Measured self-limiting extensions of the bottom pr
files and growth rate anisotropiesDr in GaAs, Al0.3Ga0.7As and
Al0.45Ga0.55As, grown at 650 and 700 °C.

x l b
sl (nm) Dr

T5650 °C T5700 °C T5650 °C T5700 °C

0 6762 12963 0.2160.05 0.2260.05
0.3 18.160.4 31.560.7 0.2360.05 0.1960.05
0.45 13.660.3 17.760.4 0.2360.05 0.2160.05
6-10
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The self-limiting evolution of Al0.3Ga0.7As and
Al0.45Ga0.55As ~including entropy of mixing effects! is mod-
eled by integrating numerically Eq.~18b!. We have again
plugged into the equation the measured values of the s
limiting profile widths and growth rate anisotropies~see
Table I!. We have left thereforeLs

G , contained in the param
eter b, as a fitting parameter. Figure 9~b! shows the experi-
mental points and the results of the fit for Al0.3Ga0.7As at
650 °C ~circles! and 700 °C~squares!. A similar behavior is
obtained for Al0.45Ga0.55As ~not shown!. Least-squares fits o
the experimental values at 700 °C yieldedLs

G5 145
620 nm from the Al0.3Ga0.7As data andLs

G5130620 nm
from the Al0.45Ga0.55As data. These values are consiste
with each other and of the same order as those determine
Fig. 5~b!, though about 20%–25% lower. At 650 °C, we o
tained, consistently,Ls

G590610 nm from the Al0.3Ga0.7As
data andLs

G570610 nm from the Al0.45Ga0.55As data. The
ratio between the average Ga diffusion lengths at 650
700 °C yields Ls

G(650 °C)/Ls
G(700°C)50.5860.11. Since

Ls5(Dsts)
1/2 andts'1/R, according to Eq.~19! we have

Ls
G~T1!

Ls
G~T2!

5expFEB
G

2 S 1

kBT2
2

1

kBT1
D G .

With EB
G51.960.3 eV ~see Sec. V B!, this relation gives a

diffusion length ratio Ls
G(650°C)/Ls

G(700 °C)50.55
60.11, in excellent agreement with the value found from
fits above.

Figure 9 shows that the transient size variations tak
place during evolution towards the self-limiting profile a
qualitatively different, depending on whetherl b

0, l b
sl ~a! or

l b
0. l b

sl ~b!.
GaAs/AlxGa12xAs case (a). In the initial stages of profile

evolution we havel b! l b
sl ; therefore, the term ‘‘21’’ can be

neglected in Eq.~16a! and the profile will evolve approxi-
mately according to the law~12!. This is due to the fact that
when the profile is very sharp, with respect to the surfa
diffusion length, lateral capillarity fluxes are dominant ov
nominal growth fluxes.

AlxGa12xAs/GaAs case (b). In the initial stages of profile
evolution, we havel b@ l b

sl ; therefore, the capillarity and en
tropy of mixing terms can be neglected in Eq.~18b!. This is
equivalent to stating that for very shallow profiles~much
wider than the surface diffusion length!, lateral fluxes are
negligible, and each facet grows with its ‘‘intrinsic’’ growt
rate r i . As a consequence@see Eq.~18b!#, the profile con-
traction is initially constant, at a rate given byDr (x). This
linear profile evolution is well reproduced in Fig. 9~b! for
l b<20 nm.

VI. FORMATION OF QUANTUM-CONFINED
NANOSTRUCTURES

The model developed above is useful not only for eva
ating the self-limiting characteristics of the growth, but c
also be employed to elucidate the self-ordering of sev
types of quantum nanostructures relying on such s
limiting surface evolution.
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A. Al xGa1ÀxAs VQW’s

As seen above, the Ga segregation in the VQW’s dur
AlGaAs growth derives directly from the higher mobility o
Ga adatoms, with respect to the Al ones, and from the c
rections due to entropy of mixing effects. The self-limitin
facet widths for AlGaAs alloys give the confinement dime
sion of VQW structures. A detailed account of the formati
mechanisms of such VQW’s is given elsewhere.30

B. GaAsÕAl xGa1ÀxAs QWR’s

The fact that the self-limiting width increases with in
creasing diffusion length of the group-III adatoms on t
sidewalls explains directly the self-ordering of cresce
shaped QWR’s. Thus, growing a low-band-gap semicond
tor layer ~e.g., GaAs!, characterized by a longer diffusio
length, on a self-limiting, higher-band-gap V-groove surfa
~e.g., AlGaAs! leads to an expansion of the bottom facet a
the experimentally observed formation of a QWR. The QW
shape can be predicted, as a function of the nominal G
thickness and growth conditions, using Eq.~16a!. For the
typical GaAs/AlGaAs QWR thicknesses, we havel b! l b

sl

~for GaAs!; therefore, we can neglect the deposition te
~‘‘ 21’’ ! in Eq. ~16a! and approximatel b with the analytic
formula ~12!, with tb5( l b,AG

sl )4/@4pDr ( l b,G
sl )3# ~where ‘‘

AG’’ stands for AlGaAs!. The thickness profilet(X,Zn), as a
function of the lateral coordinateX and of the nominal thick-
nessZn , can be easily found within the approximations ta
ing into account a single bottom facet or a hyperbolic surfa
profile. In this latter case,t(X,Zn) becomes

t~X,Zn!5r sZn1tan~u!FA@r0tan~u!#2S 11
Zn

tb
D 1/2

1X2

2A@r0tan~u!#21X2G , ~21!

where r0 is the bottom radius of curvature on which th
QWR is deposited and, in this case, corresponds to the
GaAs self-limiting radius. This equation defines complete
the QWR shape in the hyperbolic approximation, as a fu
tion of the material self-limiting shapes and of the nomin
thickness.

As an example, we plot in Fig. 10~a! the thickness profile
of a GaAs QWR with nominal thicknessZn52.5 nm, with
the self-limiting parameters measured experimentally:rb,AG

sl

56.4 nm~corresponding to an Al mole fractionx50.4 and
a growth temperatureT5650 °C, with R50.4 nm/s) and
rb,G

sl 524 nm (x50, T5650 °C,R50.25 nm/s, solid line!.
For comparison, the figure also shows thickness profiles
the samerb,AG

sl andZn , with rb,G
sl 512 nm~dotted line! and

rb,G
sl 548 nm ~dash-dotted line!.

The relation above can be used to calculate the wire qu
tum confinement potential. This can be done analytically
the adiabatic approximation for the case of an infinitely de
transverse potential well.34 In this limit, the electron subband
separation found in Ref. 34 can be expressed as
6-11
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DE5
\2p

m*
A12~11Zn /tb!21/4

rb,AG
sl t~0,Zn!3

,

wherem* is the electron effective mass andt(0,Zn) is the
GaAs layer thickness at the bottom of the QWR cresce
calculated from Eq.~21!. The calculated values ofDE as a
function of the nominal thickness, for the sets of parame
of the three QWR profiles considered above, are plotted
Fig. 10~b!.

C. GaAsÕAl xGa1ÀxAs QWR superlattices

We have shown in Ref. 37 that GaAs/AlxGa12xAs QWR
superlattices can be grown with AlxGa12xAs barriers much
thinner than the ones needed to recover the self-limit
Al xGa12xAs profile. A peculiar SL self-limiting state is es
tablished and has been modeled analytically in Ref. 37
using empirical, exponential evolution laws for the GaAs a
Al xGa12xAs profiles. In Fig. 11 we show the measured Ga
and AlxGa12xAs radii of curvature, as a function of thick
ness, in a~1.8 nm/3.9 nm! GaAs/Al0.45Ga0.55As SL grown at
650 °C ~open symbols!. It can be seen that, after an initia
transient, the profile variations during deposition of a sin

FIG. 10. ~a! Simulated thickness profiles of a hyperbolic-shap
GaAs/AlGaAs QWR with nominal thickness 2.5 nm,rb,AG

sl

56.4 nm, andrb,G
sl 512 nm ~dotted line!, 24 nm~solid line!, and

48 nm ~dashed-dotted line!. ~b! Calculated electron subband sep
ration energies, as a function of the nominal QWR thickness, for
three sets of growth parameters of part~a!, in the adiabatic approxi-
mation, for an infinitely deep transverse potential well~Ref. 34!.
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layer balance themselves over each period, thus yieldin
self-limiting SL evolution. Solid symbols show the result
the modeling of SL growth, where we have simulated n
merically the SL profile using Eqs.~16a! and ~18b!. The
parameters of the simulation were fixed by fitting the se
limiting evolution of GaAs and Al0.45Ga0.55As at 650 °C, de-
termined in Sec. V E. The plot shows that the SL se
limiting growth can be well reproduced with our model. Th
simulation gave self-limiting SL radii of curvature of 17.
nm, 15.9 nm, 13.4 nm, and 12.0 nm for SL’s wi
Al0.45Ga0.55As thicknesses of 2.2 nm, 3.9 nm, 7.8 nm, a
11.6 nm, respectively. The agreement with the experime
values (19.161.1 nm, 15.660.3 nm, 12.960.5 nm, and
11.060.7 nm, respectively! is comparable to that of the em
pirical model presented in Ref. 37, based on the exponen
evolution of GaAs and AlGaAs profiles.

D. InxGa1ÀxAsÕAl xGa1ÀxAs QWR’s

Compositional self-ordering takes place also
InxGa12xAs alloy layers grown on V grooves, resulting i
the formation of an In-rich VQW at the bottom of th
groove.38 InGaAs self-ordering can be explained by o
model, as the diffusion length of In is larger than that of G
In this case, however, one should also take into account
effects of strain when InGaAs is grown on GaAs or AlGaA
buffer layers. This can be done formally by solving th
Nernst-Einstein and continuity equations outlined abo
with a surface chemical potential that takes into account n
planarity, entropy of mixing,and strain, this latter effect be-
ing included through Eq.~1!. Besides this complication, ex
perimental determination of the structural parameters
these systems is less straightforward than in
Al xGa12xAs/GaAs case, since the contrast obtained in AF
~Ref. 39! and dark-field TEM cross sections is due both
composition and strain. Some complementary information
therefore needed, such as, for example, the lateral and v
cal strain distributions that can be inferred from hig
resolution x-ray diffraction.40–42

e

FIG. 11. Open symbols: measured QWR SL radius of curvatu
as a function of the SL thickness, in a~1.8 nm/3.9 nm!
GaAs/Al0.45Ga0.55As SL grown at 650 °C. Solid symbols: simu
lated radius of curvature, using Eqs.~16a! and~18b!. Circles: upper
Al0.45Ga0.55As profile. Squares: upper GaAs profile.
6-12
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E. AlxGa1ÀxAsÕGaAs quantum dots on inverted pyramids

By etching tetrahedral recesses on (111)B-oriented GaAs
substrates, self-ordering of OMCVD-grown AlxGa12xAs is
observed at the bottom of these pyramids.13 Growth on the
side facets of the pyramids is analogous to the one tak
place in V grooves: sidewalls with similar quasi-$111%A
planes develop, and at their intersection self-orde
GaAs/AlxGa12xAs QWR’s and AlxGa12xAs VQW’s are
formed.13 At the bottom of the pyramids, at the intersectio
of the three QWR’s and VQW’s, a GaAs quantum dot an
vertical AlGaAs QWR form, respectively.13 Our model can
be extended to treat two-dimensional lateral diffusion in su
a tetrahedral geometry.

F. Conclusions

In summary, we have developed an analytic model t
explains self-ordered epitaxy on nonplanar substrates. S
limiting profiles result from the interplay among three pr
cesses.

~i! The growth rate anisotropyamong the different facet
composing the grooved profile. This anisotropy depends
the growth technique and leads to a resharpening of the
planar profile either at the bottom of the grooves~typically in
OMCVD on @011̄#-oriented grooves! or at the top of the
ridge ~typically in MBE on @011#-oriented grooves!.

~ii ! The capillarity fluxesof adatoms towards the bottom
of the groove. These fluxes can self-adjust in order to yie
steady-state propagation of the faceted profile either at
bottom or at the top region, depending on the growth r
anisotropy. The dependence of these fluxes on the ada
diffusion length determines the self-limiting profile width, a
a function of the material and growth conditions.

~iii ! The nonuniformity of theentropy of mixingin the
profile of alloys. The different diffusion length of the allo
components results in segregation of the more mobile s
cies at the bottom of the groove and of the less mobile at
top of the mesa. However, these variations of the alloy co
position give rise to gradients of the entropy of mixin
which tend to reestablish a uniform composition.

With suitable approximations, we were able to app
quantitatively our model to the experimental self-limiting b
havior of GaAs/AlxGa12xAs nanostructures grown by LP
OMCVD on V-grooved substrates. Besides giving an ac
rate physical interpretation of self-ordering phenomena
nonplanar epitaxy, this analytic model provides an estim
of some quantities relevant to the epitaxial process, suc
adatom diffusion lengths and activation energies on
groove sidewalls.

Our model could be further developed in the future
describe the self-limiting growth of more complex system
By including the effects of strain on the surface chemi
potential, the model could be extended to lattice-mismatc
InxGa12xAs/(Al)GaAs heteroepitaxy on V grooves,38 pro-
vided that a more detailed knowledge of the composition
strain profiles in these structures can be obtained. Finally
formulating the corresponding two-dimensional diffusi
process, it should be possible to describe self-limiting grow
of GaAs/AlGaAs quantum dots grown on (111)B-patterned
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substrates, where the dots form at the intersection of th
planes at the bottom of a tetrahedral inverted pyramid.13

APPENDIX

In this paper, we have developed a diffusion model
explain self-limiting growth at the bottom of the grooves b
assuming that this region is composed only of a single fa
This simplification has proved to be very useful for interpr
ing self-ordering phenomena as a function of a few phys
parameters, which can be easily inferred from experime
results. This picture, however, lacks a description of the
fine structure of the extremal regions. In this appendix
will present the equations of motion for all three facets@one
central~100! and two lateral$311%A# that constitute the ex-
tremal regions, again fixing our attention to the bottom of t
groove~see Fig. 2!.

For such a structure, the chemical potential at each fa
is given by the set of equations

m1t5m01
ḡ1V0

l 1t
,

m3t5m01
ḡ3V0

l 3t
,

ms5m0 ,

m3b5m02
ḡ3V0

l 3b
,

m1b5m02
ḡ1V0

l 1b
,

where

ḡ152~g3csca2g1cota!,

ḡ35gscsc~u2a!1g1csca2g3~cot~u2a!1cota!,

a is the angle between the$311%A and the~100! facets~see
Fig. 2!, and the subscripts 1 and 3 refer to the~100! and
$311%A facets, respectively. According to Eq.~6!, therefore,
the surface fluxes between the sidewalls and the bot
$311%A and between the bottom$311%A and the bottom~100!
are, respectively,

j 3b5
n3sDsV0ḡ3

kBTl3b
2

,

j 1b5
n13D3V0

kBTl1b
2 S ḡ1

l 1b
2

ḡ3

l 3b
D .

We will assume that the boundaries between the$311%A
and the sidewalls evolve also in this case according to
~16a!, with l b52l 3bcosa1l1b . This assumption is justified
by the good agreement of the observed behavior ofl b with
6-13
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the simplified model developed above. According to Eq.~8!,
the equation of motion of the central~100! facet can be writ-
ten as

FIG. 12. Measured~symbols! and calculated~lines! evolution of
the ~100! ~circles! and $311%A ~squares! boundaries in GaAs het
eroepitaxy on self-limiting Al0.45Ga0.55As at 650 °C~a! and on self-
limiting Al 0.3Ga0.7As at 700 °C~b!.
dZ1b

dt
5R11

2V0

l 1b
j 1b .

cois
er-

205
The adatom concentrationn13 at the boundaries between th
bottom$311%A and~100! can be found as mentioned in Se
III B. After some algebra, we obtain

n135
R3

V0

l 3b

K1b1K3b
,

where the atom transfer ratesK1b5 j 1b /n13 and K3b
5 j 3b /n3s are independent of the adatom concentrations.
noticing thatdl1b5(2 cota)(dZ1b2dZ3b), we obtain

dl1b

dZn
52 cotaF r 11r 3S 2

l 3b
3

Al1b
3 1 l 1bl 3b

2
ED G ,

where A5(Ds /D3)(ḡ3 /ḡ1). The equation above and Eq
~16a! define the evolution of the$311%A and ~100! bound-
aries, in the absence of the entropy of mixing effects.

We have fitted the evolution ofl 1b and l b for GaAs pro-
files, atT5650 and 700 °C@see Fig. 9~a!# with the system of
equations just described. In Fig. 12 we show the results
such fits, where we have fixed ther i ’s to their measured
values and varied the parameterA. A good match to the
experimental data is obtained forA'5 –10 for the two cases
described here. SinceA is the ratio of quantities that shoul
not differ significantly from facet to facet, it is reasonable
obtain values forA not too far from 1. Thus, the result
support the validity of the procedure and of the approxim
tions made above. However, we will not discuss further
numerical value ofA found here, since it is not possible t
estimate independently the diffusion coefficient and surf
energy ratios that appear in this parameter.
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