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A mechanism of self-ordering of quantum-wire superlattices via growth on nonplanar substrates is de-
scribed. Alternate deposition of thin layers characterized by a longer and a shorter diffusion length of adatoms
on a self-limiting V groove yields an exact compensation of the increase and decrease in the surface curvature.
As a result, a self-limiting surface profile develops, which gives rise to a vertically stacked superlattice~SL! of
crescent-shaped quantum wires~QWR’s!. The structure of such SL’s is accurately modeled using the self-
limiting growth characteristics of thick layers of the barrier and well materials. A systematic difference, found
between the average composition of these QWR SL’s and the corresponding alloys, is interpreted in terms of
the role of the entropy of mixing in the self-limiting growth process.@S0163-1829~98!51916-9#

Superlattices~SL’s! of two-dimensional~2D! semicon-
ductor heterostructures have been studied extensively, yield-
ing insight into tunneling between 2D systems, the formation
of SL minibands, localization of SL wave functions in the
presence of disorder or electric fields, Bloch oscillations of
electronic wave packets, and other phenomena.1–5 The ex-
tension of these studies to SL’s of lower-dimensional struc-
tures such as quantum wires~QWR’s! and quantum dots
~QD’s! is expected to yield new interesting features due to
the additional degrees of quantum confinement in these
structures.

Whereas 2D SL structures are routinely produced at
present by well-controlled thin-film growth techniques, the
realization of QWR and QD SL’s is much more difficult.
Conventional lithography techniques are of limited use be-
cause of the stringent requirements on the interface quality
and the physical separation of the wires and dots involved.
On the other hand, several approaches relying onself-
ordering phenomena have been explored recently for pro-
ducing high-quality low-dimensional SL’s. Growth of
fractional-layer QWR SL’s using vicinal substrates has been
proposed and studied.6,7 In this case, the lateral and vertical
definition as well as the alignment of the wires rely on sur-
face diffusion and preferential attachment of adatoms to the
ledges of monolayer steps. The nonuniformities in such SL
structures, resulting from imperfect step configuration and
nonuniform growth rates, were partly rectified by resorting to
growth of serpentine SL structures, in which the growth rate
is intentionally varied during the deposition of the fractional
layer SL on the vicinal substrate.8 Similarly, a certain degree
of lateral and vertical ordering has been observed in strained
wire SL’s formed on macrosteps during growth on misori-
ented substrates.9 Strain-driven Stranski-Krastanow~SK!
growth has been shown to yield vertically stacked QD col-
umns for sufficiently thin barrier layers.10–14 The vertical
alignment of the dots in each column is achieved due to
anisotropic surface diffusion of adatoms induced by the
strain fields that are produced by the underlying dot layers.10

A certain degree of lateral ordering of SK dots has been
reported as well.15,16 Strain effects have also been argued to
play an important role in producing dense arrays of strained
QWR’s grown on ~100! substrates.17 Nonuniformities in

these spontaneously formed SL structures, particularly due to
vertical misalignment of the wires or dots, result from ran-
dom fluctuations in the chemical potential that are greater
than the ones inducing the vertical ordering.

Another self-ordering mechanism that has been utilized
for growing highly uniform single and multiple semiconduc-
tor QWR’s relies on organometallic chemical vapor deposi-
tion ~OMCVD! of thin layers on V-grooved substrates.18,19

In this case, a self-limiting surface profile is obtained due to
the perfect equalization of the growth rate at nanofacets
formed at the bottom of the groove.20 A crescent-shaped
QWR is then formed by depositing a thin layer of a lower
band-gap semiconductor whose adatoms are characterized by
a greater surface diffusion length. The position of the QWR
is seeded by the position of the initial groove on the pat-
terned substrate, and can thus lead to highly ordered wire
arrays. Moreover, this self-ordering process can yield verti-
cally stacked, virtually identical wires simply by repeatedly
growing low band-gap wires separated by higher band-gap
barriers.21 However, to produce a wire of identical shape and
size at each period of such multiple QWR structures it is
necessary to fully recover the self-limiting surface profile
during barrier growth.22 The exponential recovery of the sur-
face curvature22 permits relatively thin barrier layers~.10
nm! for such recovery; however, the resulting wire separa-
tions are too large for observing significant QWR SL effects.

In the present paper we report on a self-ordering mecha-
nism of vertical QWR superlattices, taking place during the
growth of ultrathin layers on nonplanar substrates. The SL
structure is grown on an AlxGa12xAs V groove that exhibits
a self-limiting surface profile. The growth of
GaAs/AlxGa12xAs SL structures with AlxGa12xAs layers
much thinner than the critical thickness required for full sur-
face profile recovery does not allow the self-ordering of mul-
tiple QWR structures as described earlier. However, we find
that after a short transient, an exact balance between the
surface curvature increase and decrease during growth of the
GaAs and the AlxGa12xAs layers occurs, yielding a new
self-limiting phase of a GaAs/AlxGa12xAs QWR SL. We
develop a model, based on the self-limiting surface evolution
during growth of thick GaAs and AlxGa12xAs layers in such
V grooves, which quantitatively explains this growth mecha-
nism and permits us to predict new self-ordered QWR SL
structures.
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Growth was performed in a horizontal OMCVD reactor
equipped with a rotating susceptor plate at a total pressure of
20 mbar. The substrates consisted of undoped~100!-GaAs
wafers, patterned along the@011̄# orientation with a 3-mm-
pitch V-groove array.19 We used trimethylgallium~partial
pressure51.52mbar!, trimethylaluminum ~0.47 mbar!, and
arsine~0.33 mbar! as precursor sources, with H2 as a carrier
gas, at a total flow of 6 l/min. The nominal growth rates were
0.3 nm/s for GaAs and 0.55 nm/s for Al0.45Ga0.55As, as mea-
sured on a planar~100! reference sample. Several samples
were grown at a substrate temperature of 650 °C, all consist-
ing of a ;350-nm-thick large period~20 nm/25 nm!
GaAs/Al0.45Ga0.55As buffer SL, a 150-nm-thick
Al0.45Ga0.55As barrier, a 140-nm-thick GaAs/Al0.45Ga0.55As
SL, and a 100-nm-thick Al0.45Ga0.55As upper barrier. The
thicknesses of the SL layers weretg51.8 nm for GaAs and
ta560, 11.6, 7.8, 3.9, and 2.2 nm for AlxGa12xAs for the
different samples~subscriptsg and a denote GaAs and
Al xGa12xAs, respectively!. All the nominal thicknesses
given here were measured on a planar~100! reference
sample. The number of SL periods was adjusted from sample
to sample~10 to 30 periods!, to keep the total SL thickness
constant.

Figure 1 shows dark field transmission electron micros-
copy ~TEM! cross sections of four of the samples, withta
560, 11.6, 3.9, and 2.2 nm. In all cases, the first GaAs QWR
grows on a self-limiting Al0.45Ga0.55As V groove profile. In
fact, the kinetically limited nature of the low-pressure
OMCVD growth yields a self-limiting groove shape charac-
terized by a set of~100! and $311%A nm-size facets.19 It is
useful, however, to represent the surface profile in terms of
the radius of curvaturer ~see Fig. 1!, defined as the radius of

the circle that is tangent to the hyperbola approximating the
surface profile22 @see Fig. 1~b!#. For the self-limiting
Al0.45Ga0.55As groove of Fig. 1,ra

sl55.960.4 nm. This value
increases to 10.560.9 nm after the growth of the first GaAs
QWR. When ta is well above the minimal thickness
~;20– 30 nm in this case! needed for a full recovery of the
Al xGa12xAs self-limiting profile, as for the sample of Fig.
1~a!, all the vertically stacked QWR’s are identical to the
bottom one~within ;5% size fluctuations due to pattern and
growth rate nonuniformities!. In the QWR SL’s of Figs.
1~b!–1~d!, on the other hand,ta is smaller than the recovery
thickness, and thereforer just below the second GaAs cres-
cent is larger thanra

sl . However, after a transient expansion
in the first 20 nm of the SL structure, it is seen that the
groove profile reaches a stable shape, with the groove width
increasing asta is reduced.

The evolution of the surface profile during the SL growth
is summarized quantitatively in Fig. 2~a!, which shows the
measured values ofr at the lower~ra , open symbols! and
the upper~rg , filled symbols! interfaces of each GaAs QWR
for the sample of Fig. 1~c!, as a function of the nominal
growth thickness and QWR number. After the initial widen-
ing of the groove, due to the deposition of the first QWR, the
profile narrows down again upon deposition of
Al xGa12xAs.22 However, deposition of a second wire after
only 3.9 nm of AlxGa12xAs widens further the profile. This
overall increase ofr during a SL period saturates after about
four periods, resulting in a new self-limiting profile. The
mechanism underlying its formation consists of a widening
during the wire deposition (rg), balanced by an~incomplete!
recovery of the AlxGa12xAs profile during the subsequent
deposition of the barrier layer (ra). This sequence can be
repeated indefinitely, yielding a stable average profile. The
self-limiting average radiusr̄SL5( r̄a1 r̄g)/2, as can be seen
in the plot, is constant within62% ~r̄SL515.660.3 nm,
solid line!. The remaining fluctuations inr̄SL are probably
due to small variations in the nominal growth rate, and

FIG. 1. TEM cross sections of~a! part of a multiple GaAs/Al0.45Ga0.55As
QWR structure~1.8 nm/60 nm!; ~b!–~d!, 140-nm-thick GaAs/Al0.45Ga0.55As
QWR SL’s with tg51.8 nm andta511.6, 3.9, and 2.2 nm, respectively.
Ts5650 °C for all samples.

FIG. 2. ~a! Evolution of the radius of curvature at the GaAs/AlxGa12xAs
and AlxGa12xAs/GaAs interfaces for the structure in Fig. 1~c!. The solid
line is a fit of the average radius for each SL period, the dashed line corre-
sponds to a full recovery ofr that would be obtained with a growth of a
thick AlxGa12xAs layer after the first GaAs layer.~b! Simulated evolution of
the radius of curvature for the QWR-SL of Fig. 2~a!.
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lithography-related nonuniformities at the bottom of the
groove.23

The formation of the stable QWR-SL phase can be under-
stood in terms of the self-limiting growth features of ‘‘thick’’
GaAs and AlxGa12xAs layers at the bottom of the V groove.
Starting from an initial radius of curvaturer i at the bottom
of the groove,r is found to recover exponentially to its self-
limiting value rsl:

r~ t !5rsl1~r i2rsl!exp~2t/t!, ~1!

wheret is the nominal grown thickness~proportional to the
growth time! andt is a characteristic recovery thickness.22,23

Similar expressions hold for GaAs and AlxGa12xAs growth,
with parameterst andrsl depending on the Al mole fraction,
growth temperature, and other growth parameters.24 The
evolution for the case of GaAs (AlxGa12xAs) growth start-
ing from a self-limiting AlxGa12xAs ~GaAs! profile is shown
by the gray curves in Fig. 3. To obtain the evolution ofr for
a GaAs/AlxGa12xAs QWR-SL structure, we apply Eq.~1!
repeatedly, obtaining the radius of curvature at the upper
GaAs and AlxGa12xAs surfaces of thenth SL period, respec-
tively, as

rg,n5ra
sl1~rg

sl2ra
sl!exp~ ta/2ta!$12exp@2n~ tg /tg

1ta /ta!#%sinh~ tg/2tg!/sinh~ tg/2tg1ta/2ta!,

ra,n5ra
sl1~rg

sl2ra
sl!exp~2ta/2ta!$12exp@2n~ tg /tg

1ta /ta!#%sinh~ tg/2tg!/sinh~ tg/2tg1ta/2ta!. ~2!

The self-limiting superlattice surface curvatures are obtained
by settingn→` in Eq. ~2!, which yields

rg
SL5rg

sl1~ra
sl2rg

sl!exp~2tg/2tg!

3sinh~ ta/2ta!/sinh~ tg/2tg1ta/2ta!

ra
SL5ra

sl1~rg
sl2ra

sl!exp~2ta/2ta!

3sinh~ tg/2tg!/sinh~ tg/2tg1ta/2ta!.

The average self-limiting radius and the difference between
the GaAs and AlxGa12xAs radii are given by

r̄SL5
ra

`1rg
`

2
5

ra
sl1rg

sl

2
1

rg
sl2ra

sl

2

3sinh~ tg/2tg2ta/2ta!/sinh~ tg/2tg1ta/2ta!,

DrSL5rg
`2ra

`52~rg
sl2ra

sl!sinh~ tg/2tg!

3sinh~ ta/2ta!/sinh~ tg/2tg1ta/2ta!. ~3!

The evolution ofrg andra after each SL period is illus-
trated in Fig. 3. The SL profile starts evolving from the value
ra

sl ~point i ! along the GaAs recovery curve, and after the
first GaAs layer it reaches the valuerg,l ~point al! deter-
mined by Eq.~1!. This value, shifted horizontally onto the
Al xGa12xAs recovery curve~point b1!, represents the start-
ing point of the evolution during AlxGa12xAs deposition.
After completing the AlxGa12xAs layer,r decreases to the
valuera,1 ~point c1! that is traced back to the GaAs curve for
convenience~point d1!. Sincera,1.ra

sl the deposition of the
first full SL period~contouri -a1-b1-c1-d1! brings an overall
widening of the profile. This construction is repeated for the
second period~contour d1-a2-b2-c2-d2!, after which the
profile is characterized byra,2.ra,1 . The difference be-
tween the initial and final profile in each period tends, how-
ever, to decrease at each period, untilra,n5ra,n21 ~contour
dn21-an-bn-cn-dn , filled area in Fig. 3!. At this point,
growth of a full SL period forms a closed loop in the (r,t)
plan that can be repeatedad infinitum.25

With the construction of Fig. 3, it is possible to predict
and design the profile of a QWR SL structure once the re-
covery curves of the materials composing the individual SL
layers are established. For example, one can select a desired
set of values ofr̄SL and DrSL ~provided thatr̄SL2DrSL/2
.ra

sl andr̄SL1DrSL/2,rg
sl! and construct on Fig. 3 a closed

loop with rg,a
SL 5 r̄SL6DrSL/2 that will define univocally a

pair of values ofta andtg , yielding such a closed loop. This
graphic procedure is, of course, equivalent to solving the
system of Eqs.~3! for ta and tg .

Figure 2~b! showsrg,n andra,n obtained with Eq.~2!, as
a function of the total~nominal! thickness and QWR num-
ber, for the SL of Fig. 2~a!. The recovery curves were ob-
tained from TEM cross-sectional data of growth studies for
thick GaAs and AlxGa12xAs layers. As for the measured
profiles of Fig. 2~a!, both rg,n and ra,n stabilize to values
intermediate tora

sl and rg
sl after an initial transient. The av-

erage radiusr̄SL thus obtained is 16.160.5 nm ~fitted line!,
in very good agreement with the experimental value. By re-
lating the size variations of the facets at the bottom of the
groove to their relative growth rates, the model is also ca-
pable of predicting accurately the growth rates of the differ-
ent layers.

In the limit of a short-period QWR SL, i.e.,ta!ta , tg
!tg , Eq. ~3! can be written as

r̄SL5
ra

sl1rg
sl

2
1

rg
sl2ra

sl

2

xta2 x̄~ta1tg!

xta2 x̄~ta2tg!
, ~4!

where x̄5xta /(ta1tg) is the average SL Al mole fraction
~note thatr̄SL→rg

sl for x̄→0, andr̄SL→ra
sl for x̄→x, as ex-

pected!. In Fig. 4 we plot the values ofr̄SL obtained experi-
mentally~squares! and from Eq.~4! ~solid line! as a function
of the average Al composition in the SL at the bottom of the

FIG. 3. Schematic representation of the curvature evolution during SL
growth in the first, second, andnth period. Changes of curvature during
GaAs and AlxGa12xAs growth take place by following the curvature recov-
ery curves of the material~gray lines!, towards self-limiting GaAs and
Al xGa12xAs values~long-dashed lines!.
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groove. The measured data are well reproduced by expres-
sion~4!. However, the observed radius of curvature of the SL
is systematically larger than the measured self-limiting ra-
dius ra

sl for Al xGa12xAs alloys with the same equivalent
compositionx grown under the same conditions~circles in
Fig. 4; the corresponding dashed line is a guide to the eye!.
In other words, the surface curvature depends not only on the
local relative abundance of the group-III species but also on
the order in which they are deposited~pure
GaAs1Al xGa12xAs, or AlyGa12yAs alloy!. In particular,
since Eq.~4! is independent of the absolute thicknesses of
the SL layers, the discrepancy above holds also in the limit
of ta , tg→0, that would correspond to the epitaxial growth
of an alloy by alternate deposition of its constituents~‘‘digi-
tal’’ alloy !.

The smaller radius of curvature for the alloy case can be
qualitatively explained as due to the contribution of the en-
tropy of mixing~see, e.g., Ref. 26, p. 52! of the two group-III
components to the surface diffusion fluxes of adatoms, which
determine the size ofr. As we will discuss in a forthcoming
paper,20 the realization of self-limited growth in the case of a
binary can be interpreted as an equilibrium state between the
effects of growth rate anisotropy on the different planes com-

posing the groove~that would tend to sharpen up the bottom!
and of adatom migration towards the bottom, due to
curvature-related differences of the surface chemical
potential27 ~that would tend to broaden it!. However, in the
case of a ternary alloy, the excess Ga concentration at the
bottom of the groove28 yields a different entropy of mixing
in that region, and hence a lower~higher! surface chemical
potential for Al ~Ga!. This, in turn, results in additional sur-
face fluxes that tend to reduce the Ga concentration at the
bottom of the groove so as to counteract the segregation due
to curvature-induced effects. As a consequence, the self-
limiting groove profile is narrower than what it would be in
the absence of the entropy term. For the case of separate
deposition of the binary compounds, on the other hand, the
entropy term is absent and the growth rate and curvature are
determined only by surface fluxes arising from the local sur-
face curvature. A similar effect should hold when comparing
the deposition of an alloy with the equivalent binary and
ternary SL layers.

In summary, we have shown that a self-ordered phase of a
QWR superlattice is formed during OMCVD on V-grooved
substrates due to an exact balance of the expansion and par-
tial recovery of the surface curvature during growth of the
low band-gap and high band-gap SL layers. A simple model
employing the self-limiting growth characteristics of thick
layers on such curved surfaces yields quantitative under-
standing of the details of the resulting QWR SL structure. A
similar mechanism of QWR SL formation should hold also
for other nonplanar structures exhibiting a self-limiting
growth behavior. The resulting SL structures exhibit better
uniformity than other low-dimensional~QWR or QD! SL
structures produced via different self-ordering mechanisms,
such as strain induced SK or tilted SL structures, indicating a
stronger driving force of the grown species to their nucle-
ation sites in the case of the nonplanar growth. These struc-
tures should thus be useful for studying the coupling and
tunneling phenomena in SL’s of 1D systems.29
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FIG. 4. Measured~squares! and calculated~solid line! mean QWR-SL
radius of curvature, as a function of the average Al mole fraction in the SL,
for Ts5650 °C. Self-limiting radii of curvature of AlxGa12xAs alloys are
shown by circles, with a dashed line as a guide to the eye.
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