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Introduction

The growth of semiconductor hetero-
epitaxial lavers is assuming ever greater
importance due to the demands of
modern electronic-device fabrication,
Furthermore although low-strain hetero-
systems such as AlGaAs/GaAs remain
the basis of many device structures,
there is an increasing trend also to use
more highly strained combinations such
as InCads/GaAs and SiGe/Si. However
the growth of the latter epitaxial systems
must be approached with great care in
order to achieve the optimum layer
structural quality. Of course for anv
given alloy-laver composition, interfacial
misfit defects in general will be intro-
duced when the layer thickness exceeds
a critical value, as originally described
by Frank and van der Merwe,' and Jesser
and Matthews.” (See the article by FK.
LeCoues in this issue for more general
considerations of misfit-defect introdus-
tion.} In addition the morphology of such
strained layers must be given very care-
ful attention. It is the purpose of this
article to examine our current under-
standing in this latter area.

When any epitaxial laver is grown,
initially it might be expected that a flat
surface would result under ideal growth
conditions when internal defects have
been eliminated. This would be expected
to minimize the surface step density and
hence the surface energy. However
nature has a way of confounding our
simplest expectations and while for
homoepitaxial layers in the absence of ki-
netic effects this expectation virtually
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can be realized, the presence of strain in
a heterpepitaxial system can severely af-
fect the observed layer morphology.

Theoretical Considerations
of Morphology-Related
Strain Relief

The first theoretical treatment of mor-
phological instability driven by stress in
solids was presented by Asaro and
Tiller® and related to stress-corrosion
cracking. Description of the stress-
driven instability relevant to a range of
other circumstances appeared subse-
quently*~ and in particular, formulation
in the context of epitaxially strained solid
films was provided." "

At a phenomenological level, the driv-
ing force for the formation of nonplanar

SiGe

surfaces is as follows. Figure 1 shows in
diagrammeatic form a film compressively
strained upon a substrate where surface
distortions are present as undulations
with relatively rounded peaks and
groove- or cusplike troughs. As will be
seen in the following, this type of mor-
phology can be formed in many experi-
mental situations. The vertically aligned
lattice planes are also shown, and it is
immediately clear that the uncon-
strained lateral edges of the surface
mounds allow these planes to dilate by
lateral expansion. There is then partial
elastic stress relief of the epitaxial mate-
rial within each mound, and this can be
quantitativelv modeled using finite-ele-
ment analysis." However a consequence
of this relaxation is that there is a com-
plementary additional compression of
the lattice planes at the locations of the
surface grooves. Nevertheless this latter
compression is very localized so that the
volume of material subjected to addi

tional stress is much less than the volume
experiencing partial stress relief. Overall
there can be a reduction in the free en-
ergy of the system due to the formation
of these morphological distortions.

One very important additional pa-
rameter, which must be taken into ac-
count before it is possible to assess the
stability of a strained laver, is the surface
energy. As mentioned previously, a flat
layer might be expected to represent the
minimum energy condition. When a
surface distortion is introduced, steps are
created so that the area and energy of the
surface increases. Indeed the larger the
distortion, the larger the surface area and
potentially, the larger the number den-
sity of steps. Therefore this factor inhibits
surface roughening until the free-energy
reduction in the svstem by stress relief
outweighs the free-energy increase due
to surface-area increase and step forma-
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Figure 1. Diagram showing elastic distortion of vertical lattice planes in a
marphologicaily undulating heteroepitaxial layer under compressive stress upon ifs

substrata.
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tion. Within this model, the surface
undulations would actually form by mi-
gration of surface-deposited atoms under
the influence of strain-induced chemical
potential gradients.

Based upon the scenario just outlined
and assuming on an a priord basis corre-
lated sinusoidal fluctuations in total laver
thickness and strain, elementary the-
ory " predicts that the following inequal-
ity, relating bulk and surface energy
terms, should be approximately satisfied
as follows:

HAR < Y Myt (1)

where ¢ is the epitaxial-layer amplitude
of undulation, A is the wavelength of un-
dulation, ¥ is-Young's modulus for the
epitaxial material, g, is the basic mis-
match strain, and v is the surface free
energy per unit area. Experimental re-
sults™ taken from the SiCe/Si system and
relating ¢/A% to &;° (or to the square of the
Ge fraction x) are plotted in Figure 2. The
plot linearity observed strongly indicates
the fundamental significance of the bal-
ance being achieved between surface
and volume energy terms, as expected
from the basic phenomenological argu-
ments. However to obtain deeper insight,
it is essential to determine the detailed
structural characteristics of the undulat-
ing epitaxial surfaces.

Experimental Observations of
Surface Morphological
Undulations

Compressively strained epitaxial layers
of 5i;-.Ge, alloy grown on 5i substrates
by a range of techniques, including mo-
lecular beam epitaxy (MBE) and chemi-
cal vapor deposition (CV D), exhibit
broadly similar characteristics of mor-
phology evolution. Allov layers grown at
relatively low temperatures (=700°C)
and low Ge concentrations (x = (1.13}
generally show planar surface morphol-
ogv. However alloy layers grown at
higher temperatures and x values are
strongly susceptible to surface roughen-
ing (x = 1 would correspond to ~4.2%
misfit), This is illustrated in Figure 3,
which shows ™ an atomic-force-micros-
copy [(AFM) image of a typical rough-
ened epitaxial surface, in this case of
Sigg1Gens alloy. The roughening takes
the form of surface ripples that lie along
orthogonal (100} directions, as differ-
ently oriented groups arranging them-
selves into domains with dimensions of
several microns. The precise form of the
ripple structure depends upon the alloy
composition (x) and other growth pa-
rameters.”" ™ For the example given in
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Figure 2. Atomic-farce-microscopy
measurements of b.A° plotted
against (Ge fraction x)° for epitaxial
SiGe layers on St (After Pidduck

af al."™)

Figure 3, the ripples have a wavelength

of 270 nm and peak-to-trough heights of

20-40 nm. This structure is particularly

easily seen in cross-sectional transmis-

sion electron microscope (TEM) images,

such as presented in Figure 4. This shows

clearly the profile of the ripples. It is evi-

dent that there are many similarities to

the outline previously given in Figure 1. §
Im fact the surface ripples exhibit a strong §
tendency to facet®** on inclined {103

planes with ~11° slopes, previously

seen” on epitaxial Ge “hut” clusters,

[t is very important to determine
whether the presence of the surface
ripples allows elastic strain relief to occur
as in the model given in Figure 1. This
is conveniently achieved by imaging
the ripples in plan view using strain-
sensitive contrast in the TEM. A typical
region of 5iGe ripples is shown in Fig-
ure Sa. When these are imaged using
individual 400-type reflections, only the
sets of ripples perpendicular to the g-
vector of the particular operating reflec-

Figure 3. Afomic-farce-microscopy image of an uncapped SiaqGeg s alloy layer
surface showing interlecking (100}-aligned ripple structure. (After Cullis et al. =)
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gﬂon are in contrast {Figures 5b and c).
iThiE immediately confirms that a strain
radient is directed normal to the ripple
5. Furthermore careful analysis®
of this image contrast demonstrates
 that the lattice-plane bending is precisely
of the form anticipated in Figure 1.
ntitative contrast measurements®
emonstrate that the elastic relaxation is
entially complete at the surface of
each ripple crest. Thus the presence of
- the ripples provides substantial elastic
relaxation in the heteroepitaxial system.
. Since the ripple sidewalls tend to
- facet, as already pointed out, the troughs
- are sharper than would otherwise be
expected. Certain theoretical treat-
- ments""""* predict that the formation of
the troughs can be an unstable process
and that once initiated, deep cusps may
form in the grown layer. A number of
observations show that the depth and
sharpress of the troughs can vary con-
siderably but in one case,” a phenome-
on approaching cusp formation has
observed. As illustrated in Figure 6,

Flgure 4. Cross-sectional [100] guasikinematical image of an uncapped Sl Ges.s
layer showing alioy surface ripples. (After Cullis ot al ™)

a sequence of Ge marker layers in a SiGe
alloy demonstrates that a sharp depres-
sion formed in the layer at one stage of
growth but subsequently filled in. It is
possible that this report shows cusp for-
mation, though it is predicted that such
features should dissipate only if the local
stress is reduced by dislocation nucle-
ation. This was not observed in this case
though, as will be described in the next
section, well-correlated defect formation
has been found under other circum-
stances.

Roughening phenomena directly com-
parable to those just described have been
observed in other epitaxial systems. The
most detailed studies have been carried
out for the growth of compressively
strained In,Ga, ,As alloys on GaAs.
Work over a number of years has shown
that for higher x alloys, initial growth
takes place by the Stranski-Krastanov
mechanism™ ™ in which islands of de-

posit are formed after a small amount of
initial planar growth. For an alloy with
¥ = .25 and deposited up to a 5-nm

thickness at a temperature of 580°C,
typical elongated islands are shown™"
in the AFM image of Figure 7a. However
as the laver thickness is increased, the is-
lands expand and join together to form,
at 10-nm thickness, an array of linear
ridges (Figure 7b). Further increase in
the thickness to 20 nm (Figure 7} vields
a layer that exhibits an array of mounds
and ridges of 10-20 nm height and up to
100 nm spacing. These have the appear-
ance of interacting ripples and run in a
chevron pattern about the [011] axis,
often with near {001} alignment. Cross-
sectional images in the TEM (Figure §)
emphasize the appearance as E‘Lceted
ripples, and once again it is possible to
demonstrate™ by TEM measurements
that the strain variations across these fea-
tures are in accord with the model of
Figure 1. Thus the formation of well-
developed ripples in a number of hetero-
epitaxial systems has been shown to
contribute strongly to stress relief in the
films,

The precise manner in which stress-
relieving ripples evolve appears clearest
for the In Ga,_ As alloys where as has
been shown, coalescence of initial growth
islands forms an undulating array that
progressively changes in character to
that of interacting ripples. The initial is-
lands experience considerable stress re-
lief by expansion at their edges in a
manner related to that previously seen™
for growth islands of Ge on 5i substrates.
The strain gradients across the island or
ripple structures drive surface atom dif-
fusion currents that generate the ob-
served surface distortions. In principal,
diffusing constituent atoms with differ-
ent sizes will exhibit maximum stability
in different parts of the structures due to
the strain variations, This would be ex-
pected to lead to local changes in epitax-
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Figure 5. Plan-view transmission-eleciron-microscopy (TEM) images (bright-field) of the same area of a 8iynGeg /S sample
showing variation of ripple contras! with change in Bragg reflecting conditions. (a) guasikinematical, (b} sirong-beam, g = 400, and
(&) strong-beam, g — 040, [After Culiis af al™)
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Figure 6. [110] Z-contrast image of & SiysGe.: alloy layer grown at 400°C with
0.25-nm Ge marker layers (8.g., al ¥, and Y:) deposited at intervals. (Afler Jesson

et al=)

ial alloy concentration. These have now
been directly measured™ in rippled SiGe
films on 5i by use of electron nanoprobe
analysis in combination with energy-
dispersive x-ray microanalysis. In this
way, it has been found that the concen-
tration of Ge in ripple-peak regions
where there is a lattice expansion is
greater than in ripple-trough regions
where there is increased compression,

Once a roughened surface has been
formed, overgrowth with the substrate
material generally leads to rapid smooth-
ing of the surface undulations™ since
distortion in ripple crests no longer pro-
vides an energy gain for the growing
film. However despite the smoothing, re-
sidual local lattice-plane distortions are
still present at the growth surface and
can lead to the aligned growth of subse-
quently deposited islands™ or undulat-
ing continuous layers™ of the strained
material.

A further important point to note is
that the examples of hetq_mep'tmxiﬁl layer
roughening given thus far are in systems
with compressive internal stress. While
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the general theory outlined earlier indi-
cates that there should be no distinction
between systems with compressive and
tensile stress, more recent theoretical in-
vestigations™ suggest that systems with
tensile stress could be more resistant to
roughening. Recent work™ on a compari-
son of the S5i,sGeys/Si and Si,Geq.s/Ge
systems has shown that while roughen-
ing occurs in the former (compressively
strained) case, no roughening is seen in
the latter system with tensile strain.
Molecular-dynamics modeling has at-
tributed™ this observation to an increase
in energy of a particular type of surface
step under conditions of tensile strain,
such that the magnitude of overall sur-
face energy prevents deviations from
surface planarity. It has also been ob-
served™ that other systems with tensile
strain, such as InAlSh/InSb, exhibit sur-
face planarity despite having high levels
of built-in strain.

Misfit-Defect Formation
As was outlined previously, the forma-
tion of ripples upon a compressively
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Figure 7. Atomic-force -microscopy
images of Inyz:Ga.-:As layers grown
at 580°C: (a) 5-nm thickness showing
growth istands, (b} 10-nm thickness
showing aligned linear unduwlations,
and {c) 20-nm thickness showing a
danse intaracting array nf islandlike
ripples. (After Cullis ef al™)

Figure 8. Cross-sectional 400 image
of an InyzGay=As layer grown on
GaAs at 580°C (inferface-arrowed)
showing a r?:lprehke structure. {After
Cullis et al”
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Figure 8. Cross-seclional high-resclution TEM image, [011] surface normal, showing
misfit defects nuclealed al a surface ripple trough in an INozGaozsAs alloy: intrinsic
slacking fault (F) bounded by Frank partial dislocation (Q), and stacking fault (R)
bou;?ﬁ'ed by stair-rod dislocation (S) leading to secondary fault (T). {Afler Cullis
atat')

Figure 10. Plan-view TEM image of & SicarGeaas aliay iayer grown on Si by liguid-
phasa apitaxy, showing a bunch of 60° dislocations aflgned along & ripple trough
(light region). (Afler Albrecht ef al™)
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strained layer produces crests that are
elastically stress-relieved with interven-
ing troughs at which thereisan addifj:mdl
local compression. Dhue to faceting™ of
the ripple sidewalls, the radius of curva-
ture of the troughs may be quite small so
that they resemble grooves or cusps. This
sharpening of the structure leads to a
further enhancement of local stress. It
has been predicted =" that this type
of stress concentration should lead to
misfit-dislocation source behavior by
lowering the barrier to dislocation nucle-
ation. Recently this process has been di-
rectly observed™" at individual ripple
troughs in the InGaAs/GaAs system, A
direct correlation has been obtaingd be-
tween the location of strained ripple
troughs and the nucleation of individual
misfit-dislocation segments. Initial mis-
fit defects formed are shown in the high-
resolution TEM image of Figure 9. The

most prevalent strain-relieving defects
that occur at this very early stage of re-
laxation are intrinsic faulted Frank dislo-
cation half loops,” formed presumably
by vacancy aggregation {or interstitial
emission}). Other defects, such as the
fault pair also shown in Figure % and
commonly observed Lomer dislocations,
can be formed from HLH. h Frank loops by
basic lattice reactions.” This in particular
provides a mechanism for the formation
of sessile Lomer dislocations, which is an
alternative to simple dislocation burial

[t is of course also possible that misfit
dislocations will be introduced into
strained layers by the slip mechanism, %
due to energy-barrier lowering at trough
locations. Bundles of perfect 60° disloca-
tions have been seen* to lie along pro-
nounced troughs in SiGe layers grown
on 5i by liquid-phase epitaxy {Figure 10),
suggesting that the dislocations may
have been nucleated at these locations, OF
course dislocations, once formed, are
known to modify the local surface maor-
phology BT oo that it would be mpor-
tant to make observations at a very early
stage of dislocation formation. Surface
ripple rearrangements caused by under-
lying dislocations can be quite dramatic
and, for example, rows of islandlike
mounds have been seen over underlying
dislocations in annealed SiGe/5i sam-
ples.*” Large stress concentrations have
been identified at the grooves or cusps
between.such mounds. This work®™
specifies these locations as potential de-
fect multiplication sources. Further de-
tails of these and related studies are
discussed in the article in this issue by
Jesson et al.

25



Strain-Induced Modulations in the Surface Morphology of Heteroepitaxial Layers

Conclusions
The observations described here em-
phasize the importance of morphological

distortions in determining the stress re-
lief behavior of large-misfit heteroepitax-
ial systems. Furthermore these studies
are revealing new dislocation-source be-
havior directly attributable to the undu-
lating layer morphology. Overall, work
of the type described in this article is
making a vital contribution to the under-
standing of heteroepitaxial-layer evolu-
tion during growth and annealing
procedures.
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11th Annual NEW: UPDATE

A CALL FOR EXPERIMENTS IN ENGINEERING MATERIALS, SCIENCE, AND TECHNOLOGY
A MATERIALS COMMUNITY EFFORT

To aid in the teaching about new and modified materials, there is a need for well-designed laboratory experiments and
demonstrations. As new materials emerge on the scene, technical educators are challenged to introduce new topics while not
forsaking important traditional content. For the 9th year, the National Educators’ Workshop: Update (NEW: Update) series
will focus on the new and evolving topics in engineering materials, science, and technology. For the 11th year, the emphasis
will be on gathering experiments and demonstrations for use in materials lab courses.

For those interested in providing experiments, please submit a brief abstract no later than June 1, 1996 to Dr. James A.
Jacobs, National Educators’ Workshop: Update 96, School of Technology, Norfolk State University, 2401 Corprew Avenue,
Norfolk, VA 23504; 804-083-8109/8712; fax 804-683-8215.
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