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Oscillation of the Lattice Relaxation in Layer-by-Layer Epitaxial Growth
of Highly Strained Materials
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It is shown that during the growth of In„Gal —„As on GaAs, the strain-induced lattice distortion oscil-
lates as a function of monolayer completion in both purely 2D and quasi-2D layer-by-layer growth re-
gimes. This is explained by considering that nontetragonal elastic distortion occurs at the free edges of
2D monolayer islands. Numerical relaxation using a simplified model of interatomic forces gives the
correct order of magnitude of the strain relaxation by this process.

PACS numbers: 68.35.6y, 61.14.Hg, 68.35.8s, 68,55.8d

Considerable interest is currently being devoted to the
epitaxial growth of lattice-mismatched heterostructures.
This is because relaxing the lattice-match condition con-
siderably enlarges the choice of materials which can be
associated in order to obtain the desired physical proper-
ties. Moreover, at least for semiconductor materials, the
built-in strain in the epitaxial layer, induced by the lattice
parameter diA'erence, introduces an additional parameter
to help optimize the optoelectronic properties of the het-
erostructure. Indeed, a great deal of eff'ort has been dedi-
cated to the understanding of the first steps of the epitaxi-
al growth of the prototypical Ge/Si and InAs/GaAs high-

ly strained systems. In particular, several studies dealing
with the interplay of elastic and plastic relaxation of the
strain have been reported for these systems [1-6], which
follow the so-called Stranski-Krastanov (SK) growth
mode (layer-by-layer growth followed by 3D island for-
mation). It was first demonstrated using transmission
electron microscopy (TEM) that islands formed in the
SK growth of Ge on Si are initially dislocation free [1].
This coherent SK growth was explained in terms of elas-
ti c deformation partially accommodating the lattice
mismatch. Similar observations by TEM [2] and scan-
ning tunneling microscopy (STM) [3] have been subse-
quently reported for In„Ga~ — As grown on GaAs. Signi-
ficant lateral strain relief in coherent island growth is also
qualitatively explained by free-edge elastic deformation.
All these observations are somewhat in contradiction with
current models of strain relaxation such as the one re-
cently proposed by Price [4]: In this model, based on the
dynamic study by reflection high-energy electron dif-
fraction (RHEED) of the growth of In„GaI —„As on
GaAs, it is assumed that islands are nucleated by misfit
dislocations.

In the present Letter, also based on a real time study of
In„Ga&-„As/GaAs growth by RHEED, we show that
significant strain relaxation by nontetragonal elastic dis-
tortion occurs in both purely 2D layer-by-layer and
quasi-2D (growth front roughening) growth regimes.

Experimental details are as follows. The growth of
In Ga & „As was performed at 500 'C by molecular
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FIG. 1. Typical RHEED intensity oscillation observed dur-

ing the growth of a highly strained InGaAs layer on GaAs
(growth temperature 500'C). The growth is layer by layer
(2D nucleation growth mode) up to 6 monolayers (ML), and

then becomes highly 3D.

beam epitaxy (MBE) on GaAs(001). Just prior to the
growth of the alloy, a GaAs buffer layer (0.5 pm) was
grown under standard conditions. The growth was fol-
lowed by RHEED (electron beam energy: 20 keV) using
a high-sensitivity charge-coupled-device camera based
video recording system. A precise determination of both
diffraction intensity and lattice parameter variations
(within 0.08%) was made possible by RHEED image ac-
quisition and dedicated analysis software [7].

As is now well established, the growth of In„Ga~ — As
on GaAs follows a SK-like growth mode for x & 0.2, the
2D-3D growth mode transition being easily detected by
RHEED [3,8]. The 2D growth regime is classically asso-
ciated with the observation of RHEED intensity oscilla-
tions, while the 2D-3D transition is characterized by a
sharp decrease of the specular beam intensity [8] (and
more generally of the 2D diffraction features) due to the
change from reflection diAraction on a Aat surface to
transmission diA'raction through 3D islands. This typical
behavior is shown in Fig. 1. When considering the dis-
tance between streaks associated with a 1 x I unit cell
RHEED pattern, this gives the in-plane surface lattice
parameter a~~ [4,7]. When the lattice mismatch is consid-
erable, i.e., x & 0.25, the streak separation varies abruptly
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at the so-called critical thickness commonly associated
with misfit dislocation generation which allows a rapid
strain relaxation. However, looking at a finer scale, we
observe that ati actually varies from the beginning of the
growth within one monolayer. This is exemplified in Fig.
2, where we have reported the variation of h,ai/ajar' '
[based on the (110) interplanar spacing at the surface]
during the growth of In042GaoqgAs on GaAs up to the
critical thickness of six monolayers (ML). It can be seen
that the a][ variation oscillates in such a way that it is
maximum (minimum) for half (complete) monolayer
coverage, i.e., in opposite phase with the specular beam
intensity oscillation [9]. Another important feature is
that while the ha~~/a~/' ' value returns to nearly zero
after each monolayer completion for the first three mono-
layers, this is not the case for the subsequent monolayers:
An increasing permanent relaxation superposed on the os-
cillatory deformation is observed up to the critical thick-
ness for which a drastic variation occurs.

How can we explain these observations? In the usual
treatment of the pseudomorphic growth regime (coherent
strained layers), the biaxial stress imposed by the GaAs
lattice parallel to the interface results in an elastic tetrag-
onal distortion of the In Ga~ As unit cell, the magni-
tude of which is assumed to be given by the continuum
elasticity theory. Using this approach it is obvious that
we cannot explain the oscillatory behavior of the in-plane
In„Gal-„As parameter [10]: As shown schematically in

Fig. 3(a), purely tetragonal deformation does not allow a
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FIG. 2. Lattice-mismatch (gal~/aP' ' =(aJ" '"' —aiP'"')/
a~P'"'] variation as a function of Ino, 426a058As thickness in

monolayers (ML). The ai variation is deduced from integral
order streak spacing on the outside of 3D Bragg diA'raction
features (a standard 3-point curve smoothing procedure has
been applied to the raw data in order to reduce the noise level
somewhat). Note that up to critical thickness (6 ML) where
strong relaxation occurs by dislocation generation, Lag/ajP' '
oscillates as a function of monolayer completion and is max-
imum for half monolayer coverage. Note also that while for the
first three monolayers, hai/ap'"' returns to nearly zero after
each monolayer completion, this is not the case for subsequent
monolayers.

variation of a[]. This brings us to the conclusion that non-
tetragonal deformation takes place at the free edges of
2D islands [Fig. 3(b)]. Since the free-edge density is
maximum for roughly half monolayer coverage, the a[~

variation is then also maximum there, as is experimental-
ly observed (Fig. 2) [11].

In order to understand the dynamical behavior of
strain relaxation during growth of highly strained layers,
we have thus to consider local instead of macroscopic
properties of the crystal lattice. This was also the con-
clusion of the work recently reported by Brandt et al. [5],
demonstrating the failure of the continuum elasticity
theory to predict the correct magnitude of the tetragonal
distortion at the monolayer level. To simulate strain re-
laxation in the fractional monolayer range, we have thus
used a simplified version of the valence force field model,
which is the most natural description of interatomic
forces [12]. In this type of model, the interatomic forces
are resolved into bond-stretching and bond-bending
forces [13]. In our simplified model, we approximate
monolayer islands by a linear chain in which only the bot-
tom As atoms are rigidly fixed to the GaAs semi-infinite
lattice, as schematically depicted in Fig. 4. In this figure,
k ~ and k2 are the force constants for bond stretching of
the In(Ga)-As and As-As surface dimer bond, respective-
ly, while k3 corresponds to the In(Ga)-As bond bending.
The monolayer "island" shape is calculated neglecting
the substrate deformation [14] by numerical relaxation
from the initial stage corresponding to biaxial compres-
sion of the bulk-type InGaAs lattice to the equilibrium
situation where the force sum gf; is zero. The relation
between the force constants k~ and k3 is taken from the
work of Martin [12] (k3=0.042ki). By assuming as a
first approximation that the force constants are propor-
tional to the binding energy, kl/kz is deduced from the
ratio between the (Ino42Gaoss)-As bond energy and the

(a)

TETRAGONAL DEFORMATION

(b)

NON-TETRAGONAL DEFORMATION

FIG. 3. Schematic representation of the situation corre-
sponding to 2D nucleation growth mode of InGaAs on GaAs for
a surface coverage 8 0.5: (a) considering only tegragonal de-
formation and (b) adding elastic nontetragonal distortion at
free edges of 2D islands. In this case the mean value of al[ at
the surface is no longer equal to a~P'~'. We return to purely
tetragonal deformation (a~~ =ajf" ') for 0= I.
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FIG. 4. Simplified model of interatomic forces in a 1D "is-
land" of InGaAs on GaAs. k~ and k2 correspond to force con-
stants for bond stretching while k3 is for bond bending.

As-As surface dimer energy. Taking 1.59, 1.41, and 0.2
eV for the bond energies of Ga-As, In-As, and As-As, re-
spectively [15,16], we obtain k2=0.067k~ [17]. Using
these relations between kl, k2, and k3, we can now
evaluate the elastic strain relaxation associated with is-
lands of a given size and vice versa.

After the deposition of the equivalent of four complete
monolayers, we note that has/ajar' ' =0.4% instead of 0%
for 1-3 ML (Fig. 2), presumably because of the extra re-
laxation associated with the growth front roughening. At
this stage of the growth, a deposited monolayer is prob-
ably distributed over at least two levels at the surface and
thus the step density and the correlated strain relaxation
increase significantly. To account for a ha~~/a~)' ' of
0.4% with islands of one monolayer height distributed
over two levels, numerical relaxation with the above mod-
el gives the lateral extent of the islands as 16 unit cells
(6.4 nm) for the n =4 level and 12 unit cells (4.8 nm) for
the overlying (n+ I) level, with the mean lateral extent
of the islands being 5.6 nm and the mean height 0.5 nm
[18]. This is in fact very close to what is observed by
STM [3] for the growth of Ino4Gao sAs on GaAs(001):
After 4 ML were deposited the lateral extent of the is-
lands is 3-5 nm and the corrugation is 0.5 nm. We can
therefore apply our model with some confidence to evalu-
ate the 2D island mean size necessary to account for the
a~~ relaxation observed for half monolayer coverage in the
purely layer-by-layer growth regime. For the first half
monolayer deposited we observe a ha~~/aP' ' of 0.3%,
which is found to correspond to elastic relaxation of one
monolayer high islands of 11 unit cells of lateral extent
(4.4 nm) and covering half the surface. Variations of a~
and a~~ across such an island are given in Figs. 5(a) and
5(b). As expected, the a~~ relaxation is only important
near the free edges of the island. When the island size is
su%ciently increased, the unit cells at the center of the is-
land are in a purely tetragonal distortion situation and we
find an extension of a& of 6.5% for InAs on GaAs. Con-
sidering that our model corresponds to uniaxial strain,
this gives a variation of 13% for the actual biaxial strain
situation. This value is considerably higher than the one
predicted by the continuum elasticity theory, giving only
a variation of 7.3% for a~, but is in good agreement with
the experimental determination by TEM (12.6%) recent-
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FIG. 5. Variation of ha~/a~ ' ' (a) and hag/at)' ' (b) from

edge to edge of a 1D "island" of length 11 unit cells. This is-
land size allows a variation of all of 0.6% within the island and
therefore of 0.3% for the mean value of all variation correspond-
ing to a surface coverage 8=0.5. Note that this ail variation is
the one experimentally observed for half monolayer deposition
of InGaAs on GaAs (see Fig. 2).

ly reported by Brandt et al. [5] for a monolayer of InAs
sandwiched in GaAs. In fact, as concluded also by these
authors, the In-As bonds directly at the interface are
stretched in order to conserve their bulk bond length.

Finally, a word of discussion should be given about the
comparison of the growth behavior of highly covalent ma-
terials such as the III-V compounds and of more ionic
materials (e.g., II-VI). We have shown here that elastic
deformation plays an important role in the strain relaxa-
tion of In„Ga~ — As on GaAs. In fact, energy minimiza-
tion through elastic relaxation is the driving force of the
growth front roughening, and then of the 2D-3D growth
mode transition. Indeed, for highly strained layers (high
indium content) this transition occurs before the critical
thickness (plastic relaxation by dislocation) [5,7], while it
is no longer observed for low strain (x &0.2) [8]. The
situation is very diff'erent for II-VI materials. For the
growth of CdTe on ZnTe (ha/a =6%), there is no 2D-3D
transition: Growth remains layer by layer even after the
critical thickness (6 ML) [19]. Why does elastic relaxa-
tion not promote 3D island formation in these materials?
This may simply be because when islands coalesce dislo-
cations are formed more easily since, as the bonds are
more ionic, the bond-bending force constant is lower, and
thus there is greater deformation at the edges of the is-
lands.

In conclusion, we have shown by a real time RHEED
study of the strained growth of In Ga& —„As on GaAs
that periodic strain relaxation occurs when the growth
proceeds in a layer-by-layer fashion. This relaxation in-

creases at the beginning of each monolayer growth, is
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maximum for half monolayer coverage, and then de-
creases up to the completion of the monolayer. This is
explained by nontetragonal elastic distortion at the free
edges of the 2D islands which develop and merge during
the monolayer growth. When the growth begins to
diverge from the ideal 2D mode, an increasing permanent
relaxation occurs which is also accounted for by elastic
deformation of islands and then distributed over diAerent
levels (growth front roughening). In this type of covalent
material, energy minimization through elastic relaxation
is in fact the driving force of the 2D-3D growth mode
transition. A simple model based on interatomic forces
gives, by numerical relaxation, a correct description of
these phenomena.
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