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Role of alloy spacer layers in non top-on-top vertical correlation in multistacked systems
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We focus on the role of spacer alloy decomposition in the vertical correlation for a bilayer of strained InAs
guantum wires, where the spacer layer is an immiscible alloy. We show how the surface morphology combined
with the strongly inhomogeneous strain distribution favors a V-shaped partial demixing of the spacer layer. We
also demonstrate that this decomposition has tangible consequences on the vertical organization when depos-
iting a second wire layer. Different configurations can be obtained from perfect top-on-top, to perfect vertical
anticorrelation, via all kinds of oblique correlation.
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[. INTRODUCTION to occur during the burying process. Section Il will be de-
voted to the study of how such partial spacer alloy decom-
It is presently well accepted that, when growing position will modify the optimal nucleation location of the
multilayer arrays of coherently strained islands, the strairipper wire layer. Depending on their size and on the spacer
distribution due to the layer of buried dots favors the verticallayer thickness, the upper wires will be shown to be located
alignment organizatiohi.® For systems grown of100) sub-  €ither in perfect vertical correlation or in total or partial ver-
strates, experimerfts® have mainly shown vertical align- fical anticorrelation with respect to the first wire layer posi-
ment between two successive dot layers. In a recent lettef#ONS.
Holy et al® claimed that all forms of vertical and lateral
correlation can be explained by taking into account the elasy orp AN INDUCED SPACER ALLOY DECOMPOSITION
tic anisotropy _of the matrix materlal_wnh respect to the DURING THE BURYING PROCESS
growth orientation. They showed that in the case of stacked
dot layers(viewed as buried point stress source layetise On one hand, we have previously shdfvthat, when an
usual vertical correlation could be affected by a strong maimmiscible alloy is deposited layer-by-layer on a rough sur-
trix elastic anisotropy leading to a nonvertical dot stacking.face, alloy demixing appears to be an efficient way to partly
They have used this approach to explain the fcc-like stackingelax the strains in the systeiiand this is true for both
organization of PbSe dots in a PREu,Te (111) matrix® lattice-matched and mismatched allnyBhat is to say that a
Similar argumentginvoking anisotropy have been used by rough morphology can allow the relaxation of intrinsic strain
Shchukinet al!! for CdSe/znSe. However, in the case of energy(i.e., the mixing enthalpyas well as extrinsic strain
(001) substrates and lll-V semiconductors with an aniso-energy(i.e., from a lattice mismatch with the substnate
tropic parameteA=2C,,/(C;4-C;») close to 2, the depth of On the other hand, the strained deposited InAs quantum
the minima(compared to the vertical position eneygyvery  wires provide a clearly nonhomogeneous surface strain dis-
weak, and, if the spacer layer is not too thick, the minima ardribution that also can allow partial alloy decomposition.
located so close to the perfect vertical of the buried dots, thaConsequently, when burying a 3D strained wire in an alloy,
vertical stacking is still expected. both these phenomen@trong deviation from flat surface
On the other hand, in the case where the spacer layers aptus non-homogeneous surface stydiave to be taken into
immiscible alloys, partial alloy decomposition may act account. Using the formalism previously described in Ref.
against the classically observed top-on-top vertical dot orgat4, based on an atomistic description and making use of
nization and lead to a new vertical dot organization. Such aieating’s potential, we have calculated the composition dis-
effect has been recently reported for InAs wires in InAlAs tribution in the spacer layer resulting from such a burying of
alloy lattice-matched on INBOY) (Ref. 12 and referred to as strained wires.
a staggered type vertical organization. Nothing similar has Let us recall here the main characteristics of this formal-
been found for InP as spacer layer material, the vertical dasm. Starting from a fixed morphologyncluding the buffer
organization still being of the top-on-top type.Further- layer and the wirés it mimics the layer-by-layer growth of
more, we have already shotrthat strains and non flat sur- the spacer in such a way that it flattens the surface by filling
face morphology can combine in order to favor significantup spaces between wires. This actually means that we have
alloy demixing. In the next section of this paper, we will chosen(i) not to describe “exactly” the modification of the
extend this theoretical study to the case of InAs quantunwire shape during the buryin@mainly because it is not as
wires deposited on a substrate lattice-matched to InP, anprecisely know but our starting surface morphology is
calculate which distribution of alloy decomposition is liable chosen such that the actual theoretical shape of wires
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FIG. 1. Cross section views of the alloy dis-
tribution resulting from a monolayer-by-
monolayer burying of(311) facetted wires.(a)
and(b) 40 nm wide , 3.5 nm high InAs wire(r)

20 nm wide, 2.1 nm high InAs wirdd) same as

(c) but for an InAlAs wire. The different step-by-
step growth processes are given in the upper part.
The starting morphology is given in the middle
part of the figure, and the resulting alloy distribu-
tion at the bottom. For more details see text.

(d

matches the experimental one as observed by TEM aftdseen grown. We have considered periodic systems, with two
burying, (ii) to include(and perhaps to emphazize a)lihe  wires per period. Figure(&) displays the alloy distribution
smoothing of the growth front when depositing the lattice-resulting from a monolayer-by-monolayer burying of InAs
matched spacer layésuch smoothing occurs in order to de- wires, 40 nm wide, 3.5 nm high anfd13) faceted. A clear In
crease the surface enejgy enrichment starting from the upper edges of InAs wires can
It provides the alloy decomposition one would get for be observed. This phenomenon is very similar to that ob-
very low growth rates, when there is no kinetic limitation served by transmission electronic microsc@pM) experi-
that prevents the surface atoms from reaching the optimahents in Ref. 12, and that has been called 'V-shaped arms’.
distribution that minimizes the total elastic plus surface en-A similar typical alloy composition distribution is obtained if
ergy. In other words, kinetic growth conditions far from ther- growth is faster on th€l13facets than on the fl#001) areas
modynamical equilibrium would tend to increase the compo-as in Fig 1b). This is not the case if the tops of the InAs
sition homogeneity of the spacer layer. wires are too narrow, as can be seen in Fig) 1the In-rich
It describessurfacealloy decomposition that occued the  arms meet and In-rich areas can be found at the vertical of
growth frontwhich is quite different fronbulk spinodal de- the center of the wires. Last, if the alloy is deposited on
composition. artificial InAlAs wires[with the same morphology as in Fig.
The result is obviously strongly dependent on the way thel(c), but with no mismatch, thus no strain patteas in Fig.
growth has been described “step-by-step,” as the surfacé(d), the alloy demixing is weaker, and In rich areas are
morphology evolution during growth isot calculated but located in the valleys between the wires.
simply added to the calculation. These results can be interpreted as follows : demixing in
However, because the main aim of this work is to showan alloy lattice matched to a substrate is governed by the
how spacer alloy decomposition can induce a non-top-on-tomixing enthalpy and is possible only because the surface is
vertical dot organization, the actual design of the initial dotnot perfectly flat. When an InAlAs spacer layer is grown on
geometry as well as the details of the ensuing smoothing ar@As wires, the most attractive zones for newly deposited In
not really of prime importance. Nevertheless, several typicahdatoms correspond to In-rich zones, especially those with
cases will be presented below. edges and the farthest possible from the substrate in order to
We have represented in Fig. 1 cross sections containingermit the best strain relaxation, viz., the upper edges of the
one or two wires for the purpose of clarifsepending on the wire in our case. Whether the zone on a wire is completely In
size of the wire. The alloy decomposition is schematized by rich or not mainly depends on the amount of In deposited
making use of grey scal: a dark point represents a pure In during the current step as compared to the number of avail-
atomic row, a bright one a pure Al atomic row and interme-able sites around the upper edges of the wire. Therefore for
diate grey levels are related to the average composition of theither narrow wires or two wires separated by a very large
corresponding atomic row. The anion rows are withdrawnarea, the whole upper surface will be In rich, whereas for
The upper diagram shows the details of the step-by-stepiide-flat-top wires very close to each other only the upper
growth (atoms deposited during successive steps are alteedges will be In rich, leading to the V-shaped arms. The
nately dark and bright The starting morphology is given in orientation of the arms depends less on the trajectories of
the middle diagram, and the resulting alloy distribution canedges during the burying process than on the global surface
be seen at the bottom. The dashed line corresponds to tmeorphology. The case of Fig.(d) is completely different
upper limit of the substrate on which the InAs wires havebecause the initial islands are lattice-matched with a random
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atom distribution and thus do not present any initial strain
unhomogeneity via In-rich area. Therefore, surface consider-
ations prevails yielding to the usual In surface segregation or
sloped area¥® When growth is subsequently performed, In
atoms concentrate in the valleys between the wires, i.e., the
meeting point of two slopes because of the chosen morphol~
ogy flattening process. g
The alloy composition distributions we obtain present al- = -
most pure InAs areas. This is simply due to the fact that our-Z
description is too deterministic, in the sense that no kineticé
limitation is included, and an infinitely slow growth rate is & o4
assumed. For simulating a more realistic situation where noi
all atoms are allowed to reach the more stable configuration
we can arbitrarily add a bit of randomness in the calculation. -0.5-
In this case, the resulting decomposition becomes obviously
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In summary, this study shows that when InAs wires are 4> oS 0 05 : °
buried in an immiscible alloy, the alloy tends to demix. In- [110] axis (10 nm)

rich arms arising from the top rims of the wires are always

present. The actual shape of those arms depends more on theFIG. 2. Composition distributiotiin cross-section viewin the
starting morphology than on the deposition process. For widgystem made of a demixed spacer layer, with a surface (aire
top wires there are “open” V-shaped arms, whereas for nar1owe_d to move all along f[he surfaceark correspon_ds to InAs,
row tops there are filled V-shaped In rich areas. Moreover wénedium grey to InAlAs lattice matched to InP, and bright to Al rich
have demonstrated in Fig(d) that these V-shaped arms can- InAlAs.

not be attributed to purely morphological reasons. Both mor;g displayed in Fig. 2. The calculus has been done for geo-

phological and strain considerations have to be invoked tQ,qtrical parameters extracted from TEM measurem@htst
explain the actual alloy demixing in buried layers. for visual requirements, the relative dimensions have been
slightly modified in Fig. 2.
. SPACER ALLOY DECOMPOSITION-INDUCED When the second InAs layer is deposited, th_e su_rfa(_:e pre-
VERTICAL CORRELATION sents some strongly nonhomoge_neogs strain d|st.r|but|on
which is known to favor preferential sites for a nemre
The second point to be considered is the way this newucleation*? However, as emphasized in Ref. 16, the surface
composition distribution can modify the optimal nucleation strain distribution that comes from the buried wire layer is
location of the upper wire layer. Here again, we have used aot sufficient to create so-called nucleation sitesisotated
theoretical scheme which has recently been proved to satigstoms or small clustersbut is very efficient for organizing
factorily describe the top-on-top multistacked self- large enough 2D or 30vires on the surfacefor adequate
organization of Ge islands in an Si matfkWe calculate spacer layer thicknessedhis efficiency is activated by the
(within continuous elasticity and making use of the finite elastic interaction between the deposited wires and the bur-
differences methodthe strain distribution using a given ied ones. For this reason we have chosen not only to calcu-
composition pattern. This pattern includes the actual InAdate the surface strain distribution before the deposition of
wires buried in an InAlAs layer that presents In-rich the second wire layer, but to study the variations of the total
V-shaped arms. The main reason for not using in this sectioelastic energyfor buried wires+ demixed spacer layet
the same Keating’s formalism as in the previous section is taurface wires as the surface wire moves all along the sur-
free us from too deterministic a growth model which would face. Several surface wire widtlise., 3.5 to 14 nmand 2
be inadequate for nucleation calculati@s discussed in Sec. nm height have been used as elastic interaction probes with
[I) which would provide too strong a decomposition in the buried wire of 17 nm basis width and 3 nm height using a 20
spacer, capable of altering the resulting nucleation procesem period. As observed in TEM measurement the angles
Using the actual spacer decomposition appears more helpfudetween the In rich arms and tl#00) surface is taken as
In this continuous approach alloys are virtual and charac56°. In Figs. 3a)—3(c), we have reported the reduced energy
terized by their lattice and elastic constants given by Vegvariations versus the wire location, for different wire bases
ard’s law. This description includes the material anisotropy(from 3.5 to 14 nmy, and varying the spacer thickness from 5
For the sake of simplicity we have chosen to use a 2D deam (a) to 15 nm(c). “Reduced energy” means the difference
scription here. The InAlAs composition is designed continu-between energies with and without surface wires, thus nor-
ously in such a way as to provide InAs-rich V-shaped armsmalized to the corresponding energy of an 2D InAs layer
Indium composition decreases with the distance from thoseiaxially strained to InP. The period of the system which
V’s, and also with the distance from the edges of the buriedorresponds to the distance between two buried wires is fixed
wire. The average composition all over the alloy is adjustecat 20 nm. Distances are in units of the period, so that 0
to the “lattice-matched to InP composition(i.e., 0.48 Al corresponds to the perfect vertical anticorrelatiohC),
concentration A schematic InAlAs composition distribution whereas 0.5 corresponds to the perfect vertical correlation
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O - rom arms mergi.ng from two adjacent buried wir.es. _The interme-
o 8nm diate situation for a uniform spacer lay@ is simply be-
w+ onm tween(d) and (f). The case ofb) looks more complicated.
. This can be viewed as a contest between the oblique mini-
- o4 i mum observed ina) and the anticorrelated minimum ob-
served in(c). For small wires the winner is the oblique cor-
y relation, whereas for wide wires the winner is the perfect
S e ?ﬁ OL o roaion (:js anticorrelation. Let us note that, in the case of oblique cor-
~ ¢ relation, the optimal location shifts towards vertical align-
1ol = 14nm () ©  — 1onm ment as the wire widens. The 9.5 nm width corresponds to
= 9.5nm the switch point.
N Zgﬁﬂ It is interesting to have a look at the efficiency of the
o "= 3.50m phenomenon. The depth of the minima lies in the same range
> for Fig. 3(c) (15 nm, demixed and Fig. 3d) (5 nm, uni-
- form). This means that alloy decomposition effects, for a
T oI o o s %% o1 03 o3 0i o5 w?de spacer layer, are as efficient as thos_e_ of Wir_es buried
i wire location L with a thin spacer without alloy decomposition. This effect
definitely does not simply result from the surface composi-
tion but from the composition distribution all over the spacer
since in the case of Fig.(® the surface composition varia-
tions are weak. Here we have not considered kinetic limita-
tions, but simply searched the optimal locations for the sur-
face wires. As a matter of fact kinetic limitations do not
R e appear to be too prohibitive in the present case : if the opti-
04 o1 o0z 03 04 05 % o7 02 03 o0 05 mal location moves when the wires widen, finding the opti-
L wire location b i wire location b mal location never requires an in-one-go moving of the wire,
but simply an asymmetric ripening.

FIG. 3. Reduced energy variations versus the wire location, for TO summarize this study, let us say that compositional
different wire basesfrom 3.5 to 14 nm, and varying the spacer €ffects in the spacer layer appear to be very efficient for
thickness: 5 nm(@), (d), 10 nm (b), (e), and to 15 nm(c), (f). organizing surface wires either in oblique correlation or in
Distance between two buried wires is fixed at 20 nm. Distances argerfect anticorrelation with the buried wires, depending both
in units of the periodi.e., the distance between two buried wires on the spacer thickness and on the surface wire size. Note
fixed at 20 nn. Arrows indicate the perfect vertical anticorrelation that from a practical point of view, such spacer demixing
(AC) and the perfect vertical correlatiqivC). (a)—(c) correspond  could affect the electronic properties of the heterostructure

to a demixed InAlAs spacer layer afd)—(f) to a uniform concen- by worsening the electronic barrier homogeneity.
tration in the InAlAs spacer layer.
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" IV. CONCLUDING REMARKS
(VC). To enhance the role of the spacer layer decomposition,

we have calculated the same systems, imposing a uniform If the concept of multistacked strained deposited layers is
concentration in the InAlAs spacer layer. These results aractually well known as an attractive way for obtaining nano-
given in Figs. 8d)—3(f). structures with a high quality organization the use of immis-
Let us first consider the case of a very thin spacer layecible alloy as spacer layers introduces an additional leading
[Figs. 3@ and 3d)]. When any alloy decomposition is for- parameter. In the first part of this report we have shown how,
bidden, the well known top-on-top alignment is found. Thiswhen burying highly strained wires, the surface morphology
is not the case for the demixed spacer layer. Here the situombined with the strongly inhomogeneous strain distribu-
tion is more complex as the optimal wire location dependgion favors partial demixing of the spacer layer. The calcu-
on the wire size. For very small wires the optimal wire loca-lated demixing matches the V-shape experimentally ob-
tion is shifted from vertical, leading to an oblique alignment. served. Then, starting from this point, we have studied its
This corresponds to the crossover between the In-rich arrmonsequences on the vertical organization when depositing a
and the surface. When the wire widens one tends to recovesecond wire layer. In practice, depending on design param-
the vertical alignment, which is obtained only for very wide eters, almost all configurations can be obtaiffesm perfect
wires (more than half of the period, so that the wire coverstop-on-top, to perfect vertical anticorrelation, via all kinds of
the two arms emerging from a given buried wir€€on-  oblique correlation It is interesting to note that the oblique
versely, for a rather thick spacer lay@5 nm), so thick that  correlation we obtain is basically different from that pro-
for a uniform spacer laye(f) there is no longer any driving posed by Holyet al.in Ref. 9. In Ref. 9 indeed, the oblique
force for vertical correlation, in the case of demixed spacewertical alignment is attributed to the anisotropic behavior of
layer (c), the optimal location passes from oblique for very the materials. For the systems we have studied here, the an-
small wires to perfect anticorrelation for wider wires. This isotropy is not strong enough to induce such an alignment
time anticorrelation corresponds to a wire which covers twdthis has been demonstrated in Fig&d)33(f)]. Our oblique
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