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Dynamically stable growth of strained-layer superlattices
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In heteroepitaxy, misfit stress leads to a well-known instability of planar films against
“roughening.” In contrast, we find that growth of a strained-lagaperlatticeis dynamically stable

under a range of growth conditions. Outside the stable range, the modulations of successive layers
may be in phase, out of phase, or more complex, as summarized in a dynamical phase diagram. This
remarkable behavior results from the collective influence of the buried interfaces, via their strain
fields, on the evolution of the surface morphology. 2000 American Institute of Physics.
[S0003-695(100)01728-9

In recent decades, materials physics has increasinglyonlinear terms could give a steady-state structure with
turned toward the problem of growing materials far from finite-amplitude modulations. Such a structure might have
equilibrium. A classic example is the semiconductor superapplications as a *“vertical superlattice,” or as a two-
lattice. The early fabrication of these nonequilibrium struc-dimensional array of “quantum wires[At low growth tem-
tures was a triumph, requiring precise control of temperatureratures, facetting provides the key nonlinearity, and stable
and deposition. A still greater challenge was incorporation of€lf-organized island array somewhat analogous to Kig. 1
strained layers, to allow a far wider range of materials comhave been studieft?

binations. Tremendous efforts have been devoted to under- e consider growth of alternating layers of materials A
standing and controlling the instability of strained Iayersa”d B on a substrate C. The lattice constant of material C is

with respect to elastic relaxatigby surface rougheningnd taken to be intermediate between A and B, so the layers are

plastic relaxationby dislocationg

Strained layers become unstable to plastic relaxation (a)
only above a critical thickness’ Elastic relaxation repre-
sents a more fundamental problem, rendering even the thin-
nest strained layers unstable against morphological
modulations™® It is generally believed that this strain-
induced roughening can be slowed down, but never entirely
suppressed.

Here we consider the growth of strained-layer superlat-
tices. Unlike the familiar single-layer case where stresses are
associated with misfit with respect to the substrate, each
layer in a heteroepitaxial superlattice grows under a stress
that includes contributions from ajbossibly nonplanarur-
ied layers. This difference, though subtle, leads to dramati-
cally different behavior. We predict that roughening can be
entirely suppresseldy an appropriate choice of growth rates
and layer thicknesses. Superlattice growth is tdgnami-
cally stable even though the system is strained throughout
and thus very far from equilibrium.

Recent studies of strain-balanced superlattices have
found fascinating lateral modulations, which can persist in an
apparent steady state for many peridd<.Our results may
explain a key element of the behavior. There is a range of ~
growth conditions where the superlattice is stable, and also a

range where it is only weakly unstable. Thus, inclusion ofFIG. 1. Multilayer film morphology resulting from perturbation growth)
corresponds to the in-phase mode of the instability @ccorresponds to

the out-of-phase mode. In this case the structure is modulated not only
¥Electronic mail: srol@princeton.edu morphologically, but also compositionally.
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alternately under tensile and compressive stress. The layers jA DO2¢ z
are assumed to be free of dislocations. For simplicity, we 2 == €% — ] fAa+2rA
assume the same elastic constants throughout the system, and

neglect any intermixing or alloy decomposition of the re- DO2% 6 3 g >y

spective materials. For typical semiconductors, bulk diffu-  KkgT €] 12’1 Aiﬁ(ziﬂ_zi)
sion may be neglected at the growth temperature, so we as- .

sume that the morphological evolution is determined entirely « { o [EIl(k—j—1)H+ hk]]

by deposition and diffusion along the growth surface. 1-v

We begin with the simplest case, the symmetric strain-
balanced superlattice. Here the two materials have exactly X exp{— | [+ (k—j—1)H]}
the same surface energy, surface diffusivity, and other mate-

rials parameters, except for equal and opposite stress; and tWEereA,— is the amplitude of the perturbation for the fully

growth ra_te_and thickness are the same_for all layers. FOérown layerj. HereM is the elastic modulugE/(1— »2) for
small deviations from planarity, the evolution of the surface, fat |ayer in the plane strain approximatlpands; is the
profile h(x,y,t) is** macroscopic misfit stress in laygmwith respect to the sub-
strate( is positive or negative, for odd- or even-numbered
layers, respective)y
oh DQ ¢ We put the equations into a dimensionless form, scaling
5 Wvg,uﬁ. (1) all lengths by the wave vector of the most unstable mode of
B a pure materiaf, £,=33%2/(2My). This gives a dimension-
less wave vectog* =|¢|/&, and a dimensionless thickness
of a fully grown layerH §,=H*. Scaling time by the growth
Here u 3 is the chemical potential of the atoms at the surfaceater gives a dimensionless composite diffusivity parameter
of the growing layeik and the two-dimensional Laplacian is D* =DQ2 32 £/(rkgTM).
evaluated along the surfad®, is the surface diffusion coef- To obtain the amplitude of the instability after layeis
ficient (assumed the same for both matepiatsis the depo- ~ fully grown, we integrate Eq(2) over the growth time of
sition rate,kg is the Boltzmann constant, ar@d and 6 are layerk. The details will be given elsewhere. The integration
atomic volume and atomic surface density. We use a confesults in a linear recurrence relation for the amplitidef
stant deposition rate, as when impinging atoms have fixed the interface modulation with an asymptotic solution
sticking co.efficient apd negligibleT desorptiqn. A=anbt, (3a)
Following’ we write the chemical potential at the surface
as u=uo+ vy Q k+ 03Sc (112, where uq is the chemical where\; is the largest characteristic number of the recur-
potential of the unstrained bulk material. The other tworence relation. When the maximum characteristic numbers

terms in this expression are the surface energy and elastferm a complex conjugate pair, this becomes
contributiqns:x is the sum of the two principlle surfgce cur- A=2 Re al)\k’l). (3b)
vatures,y is the surface energyof the materialsos is the !
stress tensor evaluated at the surface of layandSis the  This asymptotic expression for the perturbation amplitude is
elastic compliance tensor. sufficient to analyze the stability. Moreover, it usually pro-
We perform a linear stability analysis of the multilayer vides a good approximation to the full evolution, since the
growth. Each interface has a shape perturbation whicladditional terms in Egs(3) make fractional contributions
formed during the growth of the layer underneath. The averthat decay as a power of the ratio of the eigenvalues. The
age thicknessh of the growing film at timet is h(t) asymptotic response to a perturbation is fully determined by
=(k—1)H+h(t), where layers up t&—1 are fully grown the dependence af; on the parameterg (nqrma!ized wave
to thicknessH, and layerk has average thickness, mea- vectop, H* (normalized thickness of an individual layer
sured from the interface between layédrs 1 andk. The andD*.

profile of the film, therefore, ish(t)=h(t)+ A(t), where vectiivge*ntrzgee?/iﬁtiﬂiteg?:hear;r?utl)t;e;yfec;rs?rt?ci\tfrg V!Z;l/ebe
A(1) Is the perturbation of the growing surface. classified according to the value ®f . When the absolute

If the interfaces and surface were flat, the stress in E salue of\, is smaller than 1, the planar superlattice is dy
. . . e . 1 y -
(1) would be determined simply by the misfit of whichever namically stable against perturbations of this wave vector—

material is at the surface. However, here we must also N3 ch a perturbation does not propagate through the stack of

clude the stresses at t.he surface QUe to the qonplanar int%'ultilayers but, rather, decays exponentially with growth.
faces beneath, up to linear order in the amphtude. For thi§yhen the absolute value af, is greater than one, the am-
purpose, we evaluate the stre@d hencew) using the  plitude of the perturbation grows exponentially with the
Green'’s function for a buried sinusoidal interface betweemhumber of layers, so superlattice growth is dynamically un-
layers of different stres€. We do this in two spatial dimen- stable. The morphology of the multilayer structure is deter-
sions[where the surface is &f(x,t)] using plane strain elas- mined by the phase of;. If \; is real and positive, the
ticity. Then each Fourier component(¢,t) of the surface modulations of successive layers are in phasillustrated
profile of the growing layek evolves as in Fig. 1(@)], while for negative values the modulations of
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- layer thicknesses. Moreover, the instability only occurs at
in-phase

extremely short wavelengths, well below the instability
range for a single layerThus any initial perturbation at such
short wavelengths may be smoothed out in the first layer, so
that these modes begin from extremely weak initial ampli-
tude.

It is also important to consider the possibility of plastic
relaxation by dislocations. As long as the individual layers
are below their Matthews—Blakesley critical thicknesses, re-
laxation will only occur when the system as a whole exceeds
a much larger critical thickness, which is set by the much
L 1 smalleraveragestress of the superlattice. Thus, at tempera-
2 -1 0 tures where bulk diffusion is negligible, superlattice growth

In(D%*) can be stable against both elastic and plastic deformations,
up to a total thickness which is limited only by the imperfect
stress compensation. We expect that stable growth will be
most easily seen for short-period superlatticemall H*);

_ ) but because key materials parameters are poorly known, or
successive layers are 180° out of phefSig. 1(b)]. For com- gy exponentially with temperature, it is difficult to predict
plex values of\;, the perturbation amplitude still varies tne staple growth range for specific systems.

with layermas\7'. This gives an overall trenfdh 4|, which In conclusion, we have shown that growth of a strained-
determines the stability or instability. But this is modulated|ayer superlattice may be dynamically stable, despite the
by a factor costip), where¢ is the phase ok, ; so despite  \ye||-known instability of single strained layers. This stabili-
the overall trend, the amplitude may increase, decrease 9htion occurs over a substantial range of layer thickness and
even reverse from one layer to the next. growth conditions, even when there is a substantial asymme-

For any given set of material and growth parameters, thgry petween alternate layers. Outside the stable regime the
overall stability is determined by the value af for the  jnstapility can take various forms, depending on the layer
most-unstable mode, i.e\ma=max\y(£*). For the sym-  thickness and diffusion length. We hope that an understand-

metric case, there are only two dimensionless parameteffg of this effect may prove useful in growing technologi-
characterizing the systeril* andD*. We can characterize ca|ly important superlattice structures.
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a function of H* and D* and then determine the type of The authors gratefully acknowledge enlightening discus-
behavior depending on the values)gf,,. The four types of  sions with Professor Joanna Mirecki Millunchick and Profes-
behavior that are found are presented in the stability map o$or Rachel Goldman. D.J.S. and L.E.S. acknowledge the sup-
Fig. 2. The region corresponding [,,,d<1 is the area of port of the U.S. Department of Energy, Grant No. FG02-
decaying perturbation for all wavelengths. This region is 1a-99ER45797.

beled “stable” because growth of a planar superlattice ile y dor M 1. Abol. Phvad 117 (1963 54 123 (106

stable against pertgrbations in this range of growth param>; . \@Qtthz/vszrr\ul\clie’A. E. g‘l)a'kesl)e%,'a. Crilst. g?o@&wzn((lg%; 32,
eters. For the region of unstable growtp\(.{>1), the 265 (1976,

mode of the instability is determined by the phase gf,, as  2J. Tersoff and F. K. LeGoues, Phys. Rev. L&, 3570(1994.

discussed earlier, and the regions in Fig. 2 are labeled ac:J. Tersoff, Y. H. Phang, Z. Y. Zhang, and M. G. Lagally, Phys. Rev. Lett.
cordingly. Note that for larg®™, the system is always un- SR A o W, A Tiller, Metall. Trans. &, 1789(1972.

stable with out-of-phase modulations. This corresponds toy. A Grinfeld, Sov. Phys. DokI31, 831 (1986.

large surface diffusivity(high temperatuneor large misfit ~ ’D. J. Srolovitz, Acta Metall37, 621 (1989.

stress. For smalD*, there is a stable regime at intermediate 8In faceted systems, the system is metastable if the surface is a facet plane
Iayer thickness (see Ref. 3 However, for any other surface orientation the strained layer

. . . is unstable, even in the faceted cdsee Ref. 4
To check whether the symmetric case is typical of the®k. v. cheng, K. C. Hsieh, and N. J. Baillargeon, Appl. Phys. L6@,

more general behavior of strained-layer superlattices, tha02892(1992- _
have repeated these calculations for systems with unequalgé%gggg K.'Y. Cheng, L. J. Chou, and K. C. Hsieh, J. Appl. Pfigs.
stress, layer thickness, diffusivity, etc. Detal!s will be 9IVeN 115 yoshida, K. Kishino, D. H. Jang, S. Nahm, 1. Nomura, and A. Kikuchi,
elsewhere. In all cases that we have studied, the stability opt. Quantum Electror28, 547 (1996.
diagram is qualitatively similar to Fig. 2. Stable growth oc- *J. Mirecki-Millunchick, R. D. Twesten, D. M. Follstaedt, S. R. Lee, E. D.
curs over a range of layer thickned$, and this stable range gg”iib; lzggi)”g* S. P. Ahrenkiel, and A. Mascarenhas, Appl. Phys. Lett.
. * - . ) )
increases for smalb* . For sufﬂment_ly largeD*, the system 135 Springholz, V. Holy, M. Pinczolits, and G. Bauer, Scie/82, 734
becomes unstable for any layer thickness. (1998; J. Tersoff, C. Teichert, and M. G. Lagally, Phys. Rev. L&8,
In practice the system may be stable over an even larger1675(1996.

range of parameters than suggested by the region of absolugg!: W- Mullins, J. Appl. Phys28, 333 (1957. .

. e . . or an anisotropic surface energyrepresents the surface energy plus its
dyna}mmgl stab.|'I|ty'|n Fig. 2. At small layer th!cknesses, the second derivative with respect to orientation.
nominal instability is rather weak compared with that at large'L. E. Shilkrot, D. J. Srolovitz, and J. Tersaffinpublished

stable

In(H*)

out-of-phase

4 L

FIG. 2. Stability diagram for a growing multilayer film. The four domains in
this diagram are classified according to the eigenvalysg .



