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Formation of semiconductor vertical quantum barriers by epitaxial growth
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The relationship between growth rate anisotropy, capillarity and entropy of mixing effects, and self-ordering
of semiconductor alloy nanostructures grown on nonplanar surfaces, is investigated theoretically and experi-
mentally. It is shown that self-ordered nanostructures enriched by one component of the alloy or the other are
formed, depending on the sign of the surface curvature and the growth rate anisotropy. The formation of
Al-rich Al,Ga _,As vertical quantum barriers on convex surfaces with a particular sign of the growth rate
anisotropy is experimentally demonstrated.

Lateral self ordering of surface and interface structuresurvature and alloy segregation in the self-formation of lat-
provides an attractive means for producing ordered nanceral nanostructures in 4Ba _,As layers grown on corru-
structures of prescribed configuration and composttishe  gated GaAs/AlGa; _,As surfaces. Specifically, we show that
resulting self-ordered nanostructures are essential for studigise sign of the growth rate anisotropy and the surface curva-
of low-dimensional quantum structures such as quantunture determine whether a convex or a concave self-limiting
wires (QWR’s) and quantum dot&QD’s).>* Moreover, their  surface nanostructure develops. Furthermore, we show that
exact form, arrangement and interface quality determine theiglloy segregation on such self-limiting curved surfaces with
usefulness in various applications, particularly in electroniceither poor or rich content of the fast-diffusing group-Ill spe-
and optical semiconductor devices. cies results, depending on the nature of the surface curvature.

Lateral self-ordering mechanisms rely on the movement@he formation of Al-rich vertical quantum barrie(§QB'’s)
of atoms and larger atomic complexes on the surface, e.gon self-limiting, nm-sized ridges is observed and explained
during the epitaxial growth of a crystaP. This movement is  using the above mentioned mechanisms.
driven by gradients of the surface chemical poterttighich We consider the surface evolution of an alloy during
add surface flux components to the source fluxes arrivindattice-matched epitaxial growth, therefore neglecting strain
from the exterior of the growing surface. The correspondingeffects. Any changes of orientation or composition on the
lateral variations in the surface chemical potential can haveurface show up as variations in the surface chemical poten-
various origins, e.g., strain fields,nonplanar surface tial x. For a surface profile faceted along one directisee
profiled and nonuniform alloy compositichin the case of Fig. 1), the chemical potential on a facitsurrounded by
self ordering of lateral nanostructures during epitaxialtwo sidewallss misoriented by the same anglewith respect
growth of semiconductor compounds, these sources db the horizontal, can be writteffior a component with mole
chemical potential gradients can be introduced via latticéractionx;) as
mismatch of the grown layefs, nonplanar surface
structuring? and preferential alloy segregation at specific wi= o= ¥Qo/li+kgTInX;, 1)
crystal facets, respectively. Often, all these effects play in
unison to determine the lateral atomic fluxes and hence thehereu is the chemical potential for a uniform surface, the
resulting lateral nanostructure. For example, in the case afecond term is due to surface nonplanafigpillarity), and
Stranski-KrastanowSK) growth of InGa, _,As/GaAs QD’s  the third is due to the entropy of mixing. In this equation,
on GaAs substrate strain effects give rise to the formation y=2(yscscéd— y; coté), ys and y; are the surface free en-
of lens-shaped islands, which render the surface nonplana@rgy of the sidewalls and of facétrespectively (), is the
This nonplanarity introduces capillarity surface fluxes, whichatomic volume); is the width of facet, and the signs- and
may modify the form of the resulting island as compared+ refer to a concave and convex profile, respectively. The
with what is expected on the basis of strain fields alonecapillarity term reflects the lowering oft at a concave
Furthermore, the ordered vertical stacking of SK dots, whictsurface’, while the entropy of mixing term expresses the ten-
has been explained as due to residual strain fields abovedency toward a uniform compositior(i.e., maximum
given island® could also be affected by the nonplanarity of disordey.’
the surface. Finally, In segregation at the Ga ,As For a binary compound like GaAs or AlAs, the composi-
island$®** will alter the surface fluxes via the entropy of tion is uniform throughout the surface, thus only capillarity
mixing term in the surface chemical potential. A detailedeffects are present. Through the Nernst-Einstein equation,
understanding of the interplay of these mechanisms is thugne can calculate from E@l) the diffusion fluxes at a con-
necessary in order to predict and control the lateral orderingave or a convex profile like the ones shown in Figs(a)
and the potential wells of the resulting low-dimensionaland(1)(b), respectively. Such profiles are a simplified picture
nanostructures. of those occurring, for example, at the bottom and at the top

In the present work, we address the interplay of surfac®f a periodicV-grooved corrugation. Assuming that these

0163-1829/2000/61.1)/72234)/$15.00 PRB 61 7223 ©2000 The American Physical Society



BRIEF REPORTS PRB 61

rate anisotropy. Beyond this point, the groove or ridge will
further evolve by keeping a constant width. Thaf-limiting
width of the bottom (g') or top regions I(f') can be ex-
pressed analytically for binary compounés.g., GaAs or

AlAs) as
N rs 1/3
Ib=|Cxy (Ar>0)
I ,:,:A+ME Hc + PE r 1/3
e i pe |§':(c—_2r) (Ar<0),

Hai
where C=2Q0,L2y/kgT. Note that a self-limiting bottom

(top) can develop only ifAr>0(Ar<0), otherwise the ex-
pressions above are meaningless.

For an AlLGa _,As alloy, the dependence of the capillar-
ity fluxes (2) on the adatom diffusion length produces a re-
gion rich in the fast-diffusing speciése., Ga at the bottom,
and in the slow-diffusing one@\l) at the top(see composi-
tion profiles in Fig. 1. These segregated regions give rise to
a bottom vertical quantum wéf’ (VQW) and, as we will
show here, a top VQB, respectively. However, capillarity-
induced segregation is partly hindered by entropy of mixing
effects[Eq. (1)]. At the Ga-rich bottom X,<Xx), these ef-
fects tend to raisgg, and to lowerw,;, while the opposite
happens at the Al-rich topx{>x), as shown in Figs. (&)
and Xb), respectively. These effects can be incorporated into
the Nernst-Einstein equations by adding the entropy-related
term to ug, and wa > The resulting, additional surface
fluxesjF are

FIG. 1. (a) from top to bottom: schematics of a concave profile,
with direction and relative magnitude of capillarigolid arrows
and entropy-relateashed arrowsfluxes, for Ga and Al; compo-
sition profile; profiles of the Ga and Al chemical potenti@lashed
line: capillarity contribution, solid line: with entropy of mixing cor-
rection. (b) The same at a convex profiléc) Schematics of the
narrowing of a concavéeft) and convex profiléright).

profiles are composed of a single bottolabel b) or top (t)
facet, with the same orientatiofand hencey,=1y,), and
surrounded by a sidewalk), the capillarity fluxes are writ-
ten:

r(L%?  x ro(Lg)?  1—x
jEA==""|n>>0, jEC="""n <0,
2 2 Qolp Xy Qolpy  1-X,
jc— rsLsy jc_ Fsksy 2
b= U L S ’
kgTI2 keTI? -E,A_rS(L§)2|n£< EG_ rs(LSG)2|nﬂ>o
= Qoly "% o= Qoly I=x

wherer g is the “intrinsic” growth rate on the sidewallg.e.,
the growth rate due to deposition, in the absence of capillarwhere the indexes andG refer to AlAs and GaAs, respec-
ity fluxes) andL g is the sidewall diffusion length. The+" tively. The direction and relative magnitude of entropy-
sign in Eq.(2) indicates diffusion from the sidewalls to the related fluxes are shown with dashed arrows in Fi¢s.dnd
bottom region, while the *-” sign indicates diffusion from  1(b). Note the different combination of capillarity and
the top region to the sidewalls. Thus, the intrinsic growthentropy-related Ga and Al fluxes at the bottom and at the top.
ratesr, andr, at the bottom and at the top are respectively From the discussion above, one can conclude that the in-
increased and decreased by capillatity. trinsic asymmetry between the self-limiting profiles forming
Capillarity fluxes(2) become high enough to alter signifi- in the concave bottom region and in the convex top one, are
cantly the bottom and top growth rates only when these redue to the different combinations of capillarity and growth
gions narrow down to sizes in the 10-nm range. To reachate anisotropy between these two regions, modified by en-
these sizes starting from an arbitrarily wide bottom or toptropy of mixing effects. This asymmetry manifests itself not
profile, the intrinsic growth rates at these regions must b@nly in terms of composition, but also in the way self-
smaller (bottom) or larger (top) thanrg. This situation is  limiting profiles are reached. At both regions, profiles widen
shown schematically in Fig.(8), whereAr denotes the in- as the composition of the faster-diffusing material increases
trinsic growth rate anisotropy, defined As=rs—r, at the  and vice versa. However, at the concave region, transients to
bottom, andAr=rg,—r, at the top. The establishment of a wider profiles are characterized by mcreaseof the growth
stable set of facets with the suitabde depends in a com- rate in the region, while at the bottom they are brought about
plex way on the shape of the initial patterned substrate, oby a decreaseof the growth raté® This is because the in-
the growth technique and parameters, on the materials anttease in capillarity fluxes, as surface diffusion increases,
on the surface morpholody:'*In the present study we will determines stronger diffusion fluxéswards the concavee-
not consider the origin of the anisotropy, but rather concengion, andaway from the conveane.

trate on its effects on self ordering.
If Ar>0 at the bottom and\r <0 at the top, capillarity

Self-limiting Al,Ga, _,As top VQB’s and bottom VQW’s
can be formeaimultaneouslyunder appropriate conditions,

fluxes can completely compensate for the intrinsic growthby organometallic chemical vapor depositid@MCVD)
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GaAs substrate FIG. 4. Inset: Cross-sectional EELS composition map of the
VQB region from Fig. 8b) (framed rectangle Solid line: EELS

line scan across the VQB . Dashed line: AFM line scan of the same
region, showing oxide heights on an air-exposed cross section.

FIG. 2. AFM cross section of a/8m-pitch GaAsV groove, on
which a multilayer AlGa, ,As heterostructure was grown. Forma-
tions of a bottom-VQW and of a ridge-VQB are indicated.

growth on GaAs (100 substrates patterned with the etched substrate and stabilizes to about 50-nm width in
[011]-orientedV grooves. Figure 2 is an atomic force mi- the SL. region after at_hu:_k_ness .Gf50 nm. It narrows d_own
croscopy(AFM) cross sectiolf of part of a 3um-pitch V again to a new.self-llmmng width of about 15 nm in the
groove, on which a multilayer AGa _,As structure was AlodGapsAs region, where three VQW branches, dl%:/orre—
grown at 700 °C by low-pressure OMCV@rowth param- sponding to the three bottom facets, are clearly resolved.

eters are reported elsewh&)e The structure consists of a The correspon_dmg _b_ehavmr at the top Qf the mé’*)"?‘
nominally 600 nm-thick A} -Ga, -As layer, sandwiched be- presents some similarities, but also some important differ-
tween a 400 nm- and a 130 nm'—7thick0,gdség As barriers. A ences. The etched profile narrows down also in this case
short-period GaAs/A|sGa As superlaitice(SL) buffer was during SL and A} <Ga,sAs growth, to a self-limiting width

grown before the AlGa, _,As structure. At the bottom of the og:%)utGlo go\n; |Ir;t2|rs It?ﬁtte;(l)a)l;?;n;?iiAI;:ﬁjitvu %Bigo\:gizllg
groove, a darker vertical stripe evidences the formation of 0558, yer, 9 '

Ga-rich, self-limiting  VQW!’ throughout all the he self-limiting VQB growth proceeds in the G sAs

Al,Ga, _,As layers. Similarly, also the region at the top of !ayer, but stops at the point marked with am\™ in the

the mesa sharpens up during SL growtp left of the im- image. Duri_n_g further growth, the top profile broadens and
age. Eventually, it reaches a self-limiting width in the the compositional contrast smears out.

Al,Ga, _,As layer, where a brighter vertical stripe is visible, ha\-/r: q;?g:#ﬁg’i%g?:;;{g;gfé% %?:%%ig?mﬁ)gss'tfnégﬁ)s_
indicating an Al-rich VQB. P ay P

The details at the bottom and top regidframed regions EOEpIE/S(EELS) mﬁasurlement?.]:r l:r? |r\1/se}30f F'.g' 4 shhows an
in Fig. 2 are better imaged in the transmission electron mi-]c _co'r:n_posL)lonél trrr?hp OSL ed tQh rleglon N ?Wn n a
croscopy(TEM) cross sections of Fig. 3. At the bottom of rame In F1g. %0). Bo € oL and the RGeS layers
the groove(a), the SL layers can now be clearly resolved, are visible. The VQB extends in the fGa.sAs layer, and

and allow the distinction of a centrél00 facet, separated also partially in the SL, starting at the point where a self-

. . limiting profile has been reached. The solid line in Fig. 4
from the sidewalls by twg311 A ones(see dashed ling4! ;
One can also notice a thickening of the GaAs layers and a G%hows an EELS line scan across the VQB taken from the
Inset, and averaged across a vertical region of 15 nm to re-

enrichment in the AJsGa sAs ones, with respect to the i ) X .
: 1 ' : duce the scanning noise. The maximum Al concentration
sidewalls?* The bottom of the groove narrows down from at the center of the VQB is about 0.71, that is about 0.2

higher than on the surrounding sidewalls, where the same
composition as the nominal one was measured.

The composition profile of GaAs//Ba, ,As hetero-
structures can be measured as well by cross-sectional AFM
in air, via a suitable calibration of the oxide height on the
cleaved edge of the samp¥sThe dashed line in Fig. 4 is an
AFM line scan across the VOB region from the image shown
in Fig. 2, averaged over a 100 nm-thick region. Note that the
VQB appears broader than in the EELS scan, possibly due to
the lower spatial resolution of cross-sectional AFM, as com-
pared to EELS, and to lateral growth of the oxide layer
above the VQB. The maximum height difference between
the VQB and the surrounding barriers is about 0.11 nm. By

FIG. 3. Dark-field TEM cross sections showing the SL and the@Ssuming a compositior=0.5 in the sidewall region and
beginning of the AjGa,sAs layer from the structure of Fig. 2 calibrating the oxide height profile in the VQB with the
(framed rectanglgs (a): Detail at the bottom of the groovéb): method given in Ref. 19, we obtaia=0.69+0.03, in agree-
Detail at the top of the ridge. ment with the EELS estimate. Note that both EELS and
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AFM scans show a region of slightly enhandgedout 0.05 in this region. During further growth, the top starts to ex-

in composition Ga concentration, extending for about 10 nmpand, and the compositional contrast smears out.

on both sides of the VQB, and probably due to Ga segrega- In conclusion, we have shown that self ordering of alloys

tion at the interface between the top and sidewall planes. during epitaxial growth on corrugated profiles can be inter-
It is important to understand under which conditions aP'€ted as due to an interplay among effects of growth rate

bottom-VQW and a top-VQB can forrsimultaneously If anisotropy, capillarity and entropy of mixing. The different

: . : combination of these three factors, depending on the surface
the bottom and top regions have the same orientation and tr1:"2urvature, gives rise to intrinsic asymmetries between con-

sidewalls are composed of a single, straight facet, one catlye and convex corners, in terms of composition and tran-
have eitherAr>0 (self-limiting growth at a concave sur- sjent evolution towards self-limiting profiles. A more com-

face or Ar<0 (self-limiting growth at a convex surfake plete model, taking into account also the dominant
depending on the growth technique, growth conditions andontribution of strain to the surface chemical potential, could
orientation of the grooves!® In our samples, however, the be applied to explain self ordering during SK growth of
sidewalls of the etched profile consist of exactlyoriented  lattice-mismatched alloy QD' in terms of size, vertical
{111}A facet near the top of the mesas, Smooth]y ConnecteﬂO”El_ation and CompOSition. BESides, such strain (_Iontribu-
to a high-index facet near the bottom of the groove, thafion is needed in order to model self ordering of
forms an angle of about 45° with thi&00) plane(see Fig. 2 InXGal*XAS/GaAS QWR's on nonplanafrﬁ)xbstrat_eﬁss, where
Since the top and bottom regions grow much faster than thgradlents of surface curvature, COmposi d strain” co-

L xist. The VQB structures demonstrated could be useful for
iiﬁjig it[?:get\slbb;tcrgr?rf?)rSrLog':ytrtlgatr:);he high-index offta, ¢y dies of tunneling through thin barriers embedded in alloy

while a self-limiting ;
T semiconductor heterostructures.
VQW forms at the bottom. However, the high-index planes

consume thg11LA ones(Fig. 2), and reach the top of the This work was partially supported by the Fonds National
mesas at point ‘A’ in Fig. 3(b), after whichAr is reversed Suisse de la Recherche Scientifique.

*Present address: Laboratorio TASC-INFM, Area Science Park, growth direction. Note that,=r, since they have the same

S.S. 14, Km. 163.5 Basovizza, 1-34012 Trieste, Italy. crystallographic orientation.
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