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The evolution of strain driven coherent islands is examined using sensitive real time stress measurements
during heteroepitaxial growth of Si,Ge, /Si(001), combined withex situ microscopy. We show that the
sequence of morphological transitions at low mismatch strain is qualitatively identical to that for pure Ge
heteroepitaxy on §001). In particular, films with strains less than 1% undergo Stranski-Krastanov-like island-
on-layer growth, followed by an extended regime[®01]-faceted hut clusters that eventually transform into
higher aspect ratio dome clusters. The hut and dome islands are fully coherently strained and do not exhibit
lateral composition modulation. Quantitatively, the relevant island length scales are significantly increased at
low strain. Scaling of the morphological transitions with strain is directly demonstrated using the real time
stress data. We further show that the apparent formation of a ripplelike surface morphology at low strain is
actually a consequence of kinetic limitations on adatom diffusion, and does not necessarily signify the presence
of a surface instability{ S0163-182809)01704-X

INTRODUCTION aspects of coherent island formation and evolution remain
poorly understood. In this article we report on the detailed
The large strains often associated with lattice mismatchedvolution of coherent island arrays during SiGe, molecu-
heteroepitaxy provide a significant reservoir of elastic energyar beam epitaxy(MBE) on Si001). We obtain real time
that can be released to drive structural and morphologicaheasurements of the evolution of film stress during the depo-
evolution of the growing film. Under deposition conditions sition process. Supplemented by extensaxesituimaging,
favoring high surface mobility, strain relaxation via three- the stress measurement provides quantitative information on
dimensional(3D) surface roughening can precede the con-the dynamic islanding process that would be difficult to ob-
ventional mode of strain relaxation via dislocation formation.tain iteratively.
The 2D-to-3D transition reduces the elastic energy through The primary purpose of this article is to demonstrate that
geometry, since lateral constraints are partially relaxed irstrain driven roughening behavior at relatively low mismatch
regions of the film where the free surface is inclined to thestrain (0.8—1.4% is qualitatively identical to that at much
interface. At high mismatch the surface roughness takes thigher strains. In particular, dilute alloys are shown to un-
form of isolated island$~* At lower mismatch, it has been dergo exactly the same sequence of islanding transitions as
observed that roughening may occur in the form of a conare observed for epitaxial growth of Ge on(@l1), where
tinuous surface ripple that does not reach the film/substratéie mismatch strain is 4%. In order to observe this behavior
interface? this has been attributed to a strain driven surfacen the low strain regime, however, the deposition tempera-
instability of the type suggested by Asaro and Tifler, ture must be high enough to allow adatom migration to ac-
Grinfeld,” and other§:® It is one of the goals of this work to  cess length scales that can be more than an order of magni-
determine if there is a fundamental difference between thesiide larger than in the case of Ge/Si. Longer length scales are
observations, or whether they are manifestations of the sanfeconsequence of the nature of strain driven islanding, where
effect. surface energy acts as an energetic barrier against island for-
Although there is much interest in exploiting strain driven mation. This imposes a length scale proportional to
islanding for the formation of nanostructures exhibiting AT/Me2,, whereAT is the increase in surface energy due
guantum confinement for optoelectronic devices, precise mae island formation.e.q, is the lattice mismatclior coher-
nipulation of the growth process is required to produceency strain, andM is an elastic modulus. Here we will di-
highly monodisperse island arrays. So far, however, manyectly demonstrate the increase in length scale with decreas-
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Sample produce changes in the angular divergence of the beam array,
and therefore the spacing of the laser spots on the CCD. The
substrate curvatureg(t), is determined as

D(t)
1‘<D—o>

where (D(t)/Dy) is the spacing between adjacent beams,
normalized by the initial spacin@veraged over all beams
L is the sample-to-CCD distance, aads the angle of inci-
H ooen dence, as shown in Fig. 1. The MOSS technique is opera-
aser amera . . e
tionally simple, and demonstrates reduced sensitivity to am-
bient vibration compared with serial scanning
FIG. 1. Schematic illustration of the MOSS setup. deflectomeg(iéz. Further details may be found in the
references®
The substrate curvature is related to the lattice mismatch
stress oo, and the surface stressyF,'* by Stoney’s

coq @)
2L

K(t)= , Y

Filter and
objective

ing strain. We also show that at lower deposition
temperature, the apparent formation of continuous ripple

rather than discrete islands is not a fundamentally differengquation**?

roughening phenomenofe.g., a surface instability but is

instead simply due to kinetic constraints imposed upon the K(t)= 6l cor( (D) +AF(D)] )
islanding process. Mh?2 ’

whereh; (hy) is the film (substratgthickness, and is the

EXPERIMENTAL substrate biaxial modulus. Substrate curvature is, therefore,
proportional to the product of the film stress and the film
) . ) thickness, which we will call the stress-thickne®dn order

Si; G films were grown by molecular-beam epitaxy to obtain the stressi(t) must be known independently. For
(MBE) electron-beam evaporation in an ultrahigh vacuumine 100um-thick Si wafers used in these experiments, our
chamber with a base pressure of 10~ *°Torr. The deposi- ~ sensitivity is about 0.5 GPa A, i.e., a 0.5-A-thick film with 1
tion rates of Si and Ge were independently controlled bygpa stress can be detected by MOSS. For a film with non-
quartz-crystal monitors that were calibratedéysitux-ray  ynjform thickness, e.g., due to island formation, the curva-
measurements of film thickness and compositio0®&)  tyre measurement provides an effective stress at the mass
substrate$100 um thick) were prepared bgx situchemical  equijvalent thicknesh; .
cleaning. The nonstoichiometric oxide produced in the final "\we have also simultaneously measured, in real time, the
step of the chemical cleaning was desorbeditu at 830°C  gpatjal period and coherence length of the island array using
and a 1000-1200 A Si buffer was then grown at 750 °C. They technique called light scattering spectroscapisSp).2®
reflection high-energy electron diffractidRHEED) pattern  Results of those measurements are discussed elsetffére.
obtained following the buffer consisted of a Laue circle of
sharp spots characteristic of thex2 reconstruction. The
RHEED pattern, acquired along either tkELO or (100
azimuth in the out-of-phase condition, was recorded on vid- We show in what follows that the evolution of the surface
eotape during deposition. The deposition ratevas 0.1 A/s.  morphology during MBE growth of $i,Ge,/Si(001) can
Concurrently with RHEED, the film stress was measured irbe broken into four regimes: two-dimensional growth and
real time. This measurement is described in the next sectiomoughening, three-dimensional nucleation, hut cluster forma-
After deposition, the films were analyzed situusing scan- tion, and dome cluster formation. The transitions can be de-
ning electron microscopySEM), atomic force microscopy termined from the real time stress data as discussed below.
(AFM), and/or transmission electron microsco@gEM).

Film deposition

ROUGHENING TRANSITIONS

2D growth and roughening

Real time stress measurement Figure 4a) shows the stress-thicknes$ vs deposited

The evolving film stress due to coherent island formationthicknessh; obtained using MOSS during MBE growth of
is obtained in real time during deposition through measureSiy s§Ge, ,/Si(001) at 755 °C*® The sloped S/dh is the instan-
ment of the substrate curvature using an apparatus called th@neous effective stress of the film. This is plotted in Fig.
multi-beam optical stress sensM0SS.2% A schematic ~ 2(b), where filtering to remove high-frequency noise has
illustration of the technique is shown in Fig. 1. Briefly, a been applied prior to numerical differentiation. The line
HeNe laser beam passes through a highly reflective etalotiirough the data in Fig.(B) is a guide to the eye. For a
that produces a linear array of parallel output beams. Theoherently strained, planar film grown at constant deposition
beam array reflects off the samplghich is mounted in such rateSvs h; will be linear since the stress is constant dmd
a way that it is fully free to bendand is then detected on a increases linearly with time. This behavior is observed for
charge-coupled devicgCCD) camera. The distance between low-temperature deposition of Si,Ge /Si, where both dis-
adjacent laser spotf)(t), is recorded during deposition. location introduction and surface roughening are
Changes in substrate curvature due to an evolving film stressuppressed’!! The initial nonlinear regime observed in Fig.
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FIG. 2. (a) Stress thicknesgS) vs deposited film thickneds; , (C)
measured by MOSS during MBE growth of g6, ,/Si(001) at
755 °C. (b) Instantaneous stress vs deposited film thickness, ob-
tained by smoothing and differentiation of the data(a. The
heavy line is a guide to the eye.

2(a) for the first 12 A of deposition arises from Ge surface FIG. 3. RHEED patterns obtained @ 10 A, (b) 17 A, and(c)
segregatiort” From h¢=12-25A, S(hy) is linear, with a 25 A deposited film thickness.
least-squares fit to the slope of the dashed line in Hia). 2

yielding a coherency stress of 4.2 GPa, close to the more interconnected island array that appears somewhat
value of 1.38 GPa expected for,g6&, ,. RHEED indicates ripplelike, as shown in Fig.#). The angle between the sides

that the film grows in step flow for the first 12 fsee Fig. of the islands and the substrate is in the range 1-3°.
3(a)]. Fromh;=12-25A, RHEED shows that while the film
continues to grow in a layer-by-layer mode, the diffraction
spots extend into streaks and the half order spot intensity . . .
guenches, both of which indicate that the step density is rap- Subsequent to the nucleation regime, the str_ess-thlckness
idly increasing[see Figs. @) and 3c)]. This stress driven €VOIves with a constant slope of 1£8.06 GPa. Figure(@)
increase in the 2D island density serves as a precursor to 3510Ws the morphology in this regime. The surface is popu-

island formatiort®2! The region from 0—25 A is labeled as ated with an array of discrete pyramidal islands bound by
the “2D" regime. in Fig. 2. [501] facets as measured from AFM height profiles. These

are just a compact, i.e., square based form of the now well-
known “hut cluster” first observed by Mcet al. in Ge/
Si(00)) MBE growth! The mean base length of the
From 25-65 A deposited film thickness, the measurediy §Ge, , huts is 3300 A, compared with only 200 A for the
stress-thickness curve exhibits a slope transition region iGe huts observed by Met al. Plan view TEM shows that
which stress relaxation is occurring. Note that the equilib-the Sj ¢Ge, , huts are fully coherent. The SEM image in Fig.
rium critical thickness(the “Matthews-Blakeslee” critical 5(a) indicates that the huts locally order on a square mesh
thicknes$?) for the introduction of misfit dislocations is 100 along the(100) directions.
A. An AFM micrograph of the surface morphology ht We grew a sample 65 A thick, to coincide with the end of
=25A is shown in Fig. 49). Small, discrete islands are ob- the nucleation regime, and capped the saniplsitu with
served to be forming, but the rms roughness is still only 6 Aamorphous Si to prevent oxidation. XTEM of this sample
i.e., the film is still essentially flat. This is supported by resolves the presence of a 20—30-A-thick planar alloy wet-
RHEED, which still exhibits a streaky pattern, correspondingting layer below and between the hut clust®his thick-
to 2D roughness. We note that the islands are clearly natess corresponds to the deposited thickness dteganing
laterally ordered on the surface, and cooperative nucleatioof the islanding transition, which suggests that the film
is not observed® Shortly after this nucleation of a very low grows 2D for~25 A (18 monolayers and then all material
areal density of apparently discrete islands, the density insubsequently deposited clusters into 3D islands on top of this
creases rapidly. At 35 A thickness, the surface develops eelatively thick wetting layer. This is similar to hetero-

The hut cluster regime

3D nucleation
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where (o¢) is the instantaneous effective stress, i.e., the
uniform stress in a planar film having the same deposited
thickness that would produce a curvatwgt). ooy is the
coherency stress due to the lattice mismatahy) is the
effective stress of the coherent island array,is the thick-

ness of the wetting layer, an® is the deposition rate.
Changes in surface stress do not contribute significantly in
this regime, and are ignored héfeAssuming the islands all
have the same shape, but not necessarily size, at any given
film thickness, the effective island stress can be written as

<0'isl>:g[-/4(t)]0'coh= (4)

whereg[ A(t)] is the fractional stress relaxation of an island
with aspect ratioA (we define.A as the ratio of the full
island height to the full island widjh According to Egs(3)

and (4), our observation of linear curvature evolution from
65-130 A means thai(.A) is constant, i.e., that the island
shape is not changing with tinf8 AFM, SEM, and XTEM
measurements of films grown with thickness from 65-130 A
also support this conclusion. We thus label this region as the
“huts only” regime.

The linear curvature evolution also suggests that the wet-
ting layer thickness must be constant or at least varying
slowly relative to the deposition rate. XTEM measurements
suggest that the wetting layer is slowly consumed during
deposition above 65 A total thickness, although the rate of
consumption has not been determined. From the slope of our
epitaxy of pure Ge on 801, which grows in the curvature data, and using Efl), we find that hut clusters
Stranski-KrastanouSK) mode, but with a wetting layer relax 20+ 2% of the effective stress in the filfig(.4)=0.8
thickness of only 3 m:*+2° +0.02], where the uncertainty arises from uncertainty in the

The linearS(h;) behavior from 65-130 A in Fig.(@ is  measurement of the wetting layer thickness as a function of
consistent with the growth of islands that have constanfim thickness. This degree of relaxation for hut clusters is
shape. Specifically, the curvature evolution during coherengonsistent with results of 2D finite element calculations per-
islanding, including the presence of a planar wetting layeformed for islands configured as isosceles triangles with a
beneath the islands, is given by facet angle of 11.3fthe angle betweef501] and[001]).?”

FIG. 4. 22 um AFM images of film at@) 25 A and(b) 35 A
deposited thickness.

k(1)< (oo Pt=ocohy () + (o) Pt—hy (D], (3) The dome transition

In the film thickness rangl;=130-210A, another re-
duction in the effective stress is observsée Fig. 3. After
this transition, we find that the islands have changed shape,
as shown in Fig. &). These islands, which we will call
dome clusters after Tomitoret al?> appear isotropic in
shape, but are actually composed of several different facet
types, primarily{201] and[311].28 The increased aspect ratio
of this island relative to the hut clusters further relaxes the
overall stress, although presumably at the cost of increased
surface energ¥®'®?° The instantaneous effective stress in
the dome regime is 0.450.03 GPa, which is only 33% of
the coherency stress, and the film is still free of dislocations
according to plan view TEM. The areal coverage of domes
(defined here as the fraction of the substrate surface covered
by island$ at 275 A film thickness is actually less than that
of huts at 104 A thicknes@ee Fig. 5. This transition yields
significant insights into the effect of elastic repulsion be-

FIG. 5. AFM and SEM images frorfe) hut cluster array ah;  tween islands on both the energetics and kinetics of the
=104 A and(b) dome clusters ah;=275A. AFM images are 2 evolving morphology. The hut-to-dome transition is dis-
X2 pm. cussed in detail elsewhet®.
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FIG. 6. Instantaneous stresses during MBE growth of
Sip.6:G&y 35 (solid line) at 678 °C and 3igGe)» at 755 °C(dotted
line). The heavy lines are guides to the eye.

FIG. 7. Plan view TEM image of a 400 A §iGe, 35 film

deposited at 678 °C showing dislocations in the larger islands.
STRAIN SCALING

In this section we explicitly demonstrate the effect of theregime in Fig. 2, except that the steady-state stress relaxation
magnitude of the coherency strain on the roughening transiat 630 °C is only 10%i.e., (o¢)=0.90 o) -
tions. Figure 6 compares the stress evolution during MBE Figure 9 reveals two contributions to the reduced stress
growth of Sj G&y, and S eGey 35 on S(001). The same  relaxation at 630 °C vs 755 °C. AFIFig. 9a)] of a 400 A
sequence of roughening transitions is observed in both cas€#m deposited at 630 °C show that the film surface consists
but the transitions at higher strain occur at smaller thick-of a set of interconnected ridges along ti€0 directions,
nessegdespite the fact that the 20% Ge film was grown atrather than discrete islands. The ridges, which are composed
755 °C, while the 35% Ge film was grown at 685°Qhe  of [501] facets, average about two times longer than they are
instantaneous stresses in the hut and dome regimes are neanligle, and therefore are less efficient at relieving strain com-
identical in both films. Subsequent to the dome regime, th@ared to compact hut clusters.
instantaneous stress actually increases in both films. This In addition, Fig. $b) shows a cross-section TEM micro-
arises from impingement of dome clusters as the areal cowgraph of the 400-A-thick film. The film in cross section ap-
erage approaches unity, whereupon the overlapping elastfears to exhibit a ripplelike morphology. A continuous wet-
fields in the substrate increase the strain energy and force thimg layer of approximately 200 A thickness is clearly
clusters to change shape. This energetically unfavorable sitwbserved beneath the ripple. Note from E8) that if the
ation is observed only because of kinetic constraints imposedetting layergrows during deposition, in competition with
during deposition. For the $i:Ge, 35 film, another decrease the island layer, then the fractional degree of stress relaxation
in stress is eventually observed at 115 A thickness. Thigor the film as a whole will be reduced, as we observe. The
results when misfit dislocations finally begin to enter the
islands, as shown in Fig. 7. The dislocated islands are larger 1.2
than the coherent islands, since the lower total energy of the
dislocated islands increases their local growth f&f8.For
the Sp ¢Ge » film, even though the deposition temperature is
higher, plasticity does not occur up to 400 A total film thick-
ness, due to the lower mismatch strain.

0.8\

KINETIC LIMITATIONS 0.6
In Fig. 8 we show the effect of reducing the deposition

temperature for growth of $iGe,»/Si(001). The real time
MOSS data shows that 3D roughening occurs at larger film
thickness, and that the overall degree of stress relaxation is
less, for 630 °C deposition versus deposition at 755&n- L
pare with Fig. 2. At 630 °C, 3D roughening begins at 60 A 00" 50 100 150 200 250 300 350
film thickness, followed by a minimum in the instantaneous Thickness (A)

stress at 130 A. The instantaneous stress then increases, and
finally an extended regime of linear curvature evolution FIG. 8. Instantaneous stresses during MBE growth gf&a, »

(constant stregsis observed from 180-400 A. The linear at 755 °C(solid line) and 630 °C(dotted ling. The heavy lines are
region is similar to the behavior observed in the huts onlyguides to the eye.

Normalized Stress
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COMPOSITION UNIFORMITY

The uniformity of the Si:Ge composition within the is-
lands was investigated using energy dispersive spectroscopic
(EDS) analysis of characteristic x ray generated in the
sample. The sample was probed using an HB-501 dedicated
scanning transmission electron microscdfdEM) operat-
ing at 100 kV. The probe was configured in the high current
mode giving an~1.2-nm-diameter probe with a current of
1.0 nA. The samples were aligned so that (6@1) growth
direction was perpendicular to both the incident beam direc-
(b) tion and the EDS detector port. The samples were tilted
~10° off the[110] zone axis of the cross-section samples
toward the[1-1Q] direction to give an effective 30° take off
angle for the characteristic x rays. Both simple intensity line
scans and fully processed quantitative analyses were per-
formed. For the quantitative analysis, reference spectr&and

FIG. 9. () 2X2 um AFM image of 400 A SjsGe,, film de-  factors were obtained from the sample itself by recording
posited at 630 °C showing hut ridge morphology. XTEM image ~ @nd averaging spectra from the center of the SiGe islands and
of the same film showing the wetting layer and apparent rippledSsSuming this composition was equal to the deposited com-

morphology. position. Thus, the absolute calibration of the composition
scale may be slightly off but relative changes are accurately
measured.

observed wetting layer thickness of 200 A is significantly Data were obtained from §iGe, samples grown to

larger than the thickness, 60 A, at which island formationy, oo gitterent thicknesses: a 275 A film deposited at 755 °C

began, suggesting that the wetting layer does indeed grow #at contains only dome clustdisee Fig. )], a 170 A film

lower deposition temperature due to kinetic limitations ONgeposited at 755°C that exhibits a mixture of huts and

adatom diffusion and island coarsening. In the Discussioraomes’ and a 400 A film deposited at 630 °C that exhibits hut

section we will estimate the relative contributions of the iS‘ridges and a thick metastable wetting laysee Fig. 9. Both

land lateral aspect ratio and the wetting layer growth on thehe line scans and the full quantitative analysis show a con-

overall effective stress. stant Si/Ge ratio in both the growth direction and parallel to
Figure 10 shows another 400-A-thick film, depositedthe (001) planes, i.e., we do not detect significant composi-

slightly warmer, at 642 °C, where the surface is still com-tional inhomogeneities within our films.

posed of elongated hut ridges. However, with this small in-

crease in temperature, at 400 A deposited thickness the early DISCUSSION

stages of dome cluster formation are observed. Thus, even in

a situation where adatom diffusion is limited, the essential We have shown, through a combination of real time stress

sequence of morphological transitions still occurs, albeit in gnéasurement during MBE growth amc situ microscopy,

highly constrained fashion. Figure 10 also shows that wherfhat low strain Si_,Ge, alloys (xge=0.2-0.35, econ

the [201] and [311] facets are forming, penetration through — 0-008—0.01% undergo a sequence of strain driven mor-

the wetting layer is taking place in the form deep grooVesphologlcal transitions that qualitatively mirror those ob-

. o .served in Ge/$001) heteroepitaxy. In particular, we find
:ﬁ;ﬁiina;h\?ver;rjges' This is supported by AFM topographi hat growth proceeds first as a fully strained 2D layer, fol-

lowed by nucleation of discrete islands on top of the 2D
layer, i.e., a Stranski-Krastanov-like transition. These islands
stabilize a§501]-faceted pyramidghut clusterg which later
transform into dome clusters bound [801] and[311] fac-

ets. Further deposition eventually results in the introduction
of dislocations into the islands. In order to observe these
transitions unambiguously at low strain, the deposition tem-
perature must be high enough so that the adatom diffusion
length exceeds the length scale imposed by the energetics. In
what follows, we discuss some important quantitative as-
pects of low-strain island formation.

Figure 6 explicitly demonstrates how the absolute strain
affects the kinetics of roughening transitions. Low strain is-
land formation is preceded by a much thicker wetting layer
than is observed for Ge/®01), where the wetting layer
thickness is consistently observed to be between 3 and 4 ml
over a rather broad range of deposition conditions, suggest-

FIG. 10. Plan view SEM image showing incipient dome clustering that 3—4 ml represents an equilibrium wetting layer
formation in a 400-A-thick SisGe,, film deposited at 642 °C. thickness for this system. However, for the alloys, even at
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high deposition temperature, it is likely that the observedwetting layer, which leads to the ripplelike appearance in
wetting layer thickness is kinetically established. Bgy,  cross section.
=0.2 deposited at 755°C and 0.1 A/s, the wetting layer On the other hand, formation of a ripplelike structure at
thicknessh,,, is approximately 18 ml, while foxg.=0.2  very early stages of low strain roughening may occur as a
deposited at 630 °C and 0.1 Als,, is approximately 38 ml.  kinetic pathway for the nucleation of discrete hut clusters
For xge=0.35 deposited at 680 °C and 0.13 Affg, is ap-  [Fig. (4)]. This process has been observed by Dokschl 3!
proximately 16 ml. We find that the wetting layer is slowly we observe a similar intermediate roughening sfage Fig.
con_sumed during subsequent deposition ar_1d hut cluster fozt(b)] wherein a disorganized ripple morphology appears to
mation at 755 °C, but the rate of consumption has not beegerve as a precursor to discrete hut clusters. The “facet
eStabllshed, and We dO not kHOW Whether some th|n equilibang|e” Of the ripp'es CO”tinuous'y increases unt” ﬂﬁ)l]
rium wetting layer is still retained. facet locks in. In an apparently related phenomenon at higher

While increasing the Ge fraction from 0.2 to 0.35 does noige content and strairkge=0.5), Chenet al. have observed
drastically decrease the wetting layer thickness, we do obyjscrete islands whose facet angle also continuously in-
serve from the MOSS data in Fig. 6 that the transition fromgregses until stabilizing 4601].%2 It is not known for pure
plqnar to stable hut clusters occurs over a much narrowete on S{001), where the driving force for island formation
thickness range—ol4 A for xge=0.35 compared to a 40 A s very large, and the length scales correspondingly are very
transition region forxg.=0.2. In fact, with the interesting small, whether islands nucleate “directly” as hut clusters, or
exception of the wetting layer, all the subsequent morphofirst pass briefly through some intermediate state analagous
logical regimes occur over thickness ranges that are severefy those observed here and by others in experiments at low
reduced atxge=0.35 relative to those foxg,=0.2, due to  strain.
the increase in the strain energy densitys(,). As men- Our MOSS data provide a quantitative measure of the
tioned earlier, the equivalent series of transitions for pure Gelegree of stress relaxation associated with the compact hut
deposition on §D01) occur within the first 15 ml of deposi- cluster morphology. Steinforét al. recently reported x-ray
tion. measurements of the vertical strain distribution in Ge hut

The thermodynamics of coherent island formation im-clusters®® Integrating their strain distribution gives a 15%
poses a natural length scaldT'/Me2,, as mentioned in the effective relaxation, less than the 2@% value for
Introduction. However, the two stress curves in Fig. 6 cannoSi, (Ge, , huts reported here. We have grown Ge o(081)
be collapsed exactly upon one another simply by scaling aander conditions similar to Ref. 33 while measuring the cur-
econ This is primarily the result of kinetic effects, since is- vature in real timé! and we obtain an effective relaxation
land formation during deposition is occurring away from for Ge huts that is consistent with our alloy measurements,
equilibrium. A complete theory that would force the two although the error bars for this measurement are somewhat
stress curves to collapse would require full accounting folarger. Due to this, we cannot say definitively that the strain
the deposition rate and temperature, and all kinetic pathwaysistributions in Sj §Ge,, huts are identical to those in pure
associated with the various morphological transitions, in-Ge huts. Continuum elastic analysis of the bulk strain fields
cluding the nucleation modes for huts, domes, and dislocgaredicts that the strain distribution and effective relaxation
tions, the elastic interactions between neighboring islandsnly depends on island shape, and not on the island size or
and between islands and adatoms, and coarsening. Individugile absolute mismatch streifiHowever, at relatively small
elements of this problem have been addressed in varyinigland volumes, as is the case in pure Ge huts, the elastic
levels of detail, but a comprehensive theory has not yet beeeffects of the island edges, which act as discontinuities in the
developed. surface stress, may become importdnt

Previous experiments in Si-rich ;SiGe, alloys have The dome cluster morphology relieves considerably more
suggested that roughening occurs in the form of a continuoustress than the hut clusters. The instantaneous stress, propor-
ripple, rather than as discrete islands that are observed #bnal tod«/dh;, is only 0.33r, in the dome regime. The
higher strains. Further there exist competing theories of average stress, proportional &dh; , is 0.50.,. Despite the
strain driven roughening, by continuous ripple formation,large stress concentration at the perimeter of the domes, they
e.g., the Asaro-Tiller-Grinfeld instability theofy, vs theo-  retain fully coherent interfaces according to plan view TEM.
ries of discrete island formatichThis has led to some con- Careful inspection of the contact perimeter between the
fusion on the effect of the absolute magnitude of the mis-dome clusters and the Si substrate reveals that a trench in the
match strain on the fundamental roughening processsubstrate forms around the islafdThis acts to reduce the
However, our data clearly indicates that in the §Ge /Si  local elastic energy by reducing the effective contact angle,
system, forx=0.2, there is no fundamental difference in and by rejecting substrate material from the high strain re-
roughening behavior as a function of straim particular, gion. Trenches have also been observed in the case of pure
comparison of Fig. 9 for the morphology of our,g6e,,  Ge domes on $001).%¢ It is only when copious impingement
films grown at 630 °C with those for similar growths in Ref. of dome clusters occurs at high deposition thickness that
5, combined with our 755 °C data, demonstrates that the apdislocations are able to nucleate.
parent ripple is simply a kinetically constrained hut cluster The stress relaxation for G, , deposition at 630 °C is
morphology. The limited adatom diffusion length at 630 °Cless than that at 755 °C partly because the islands typically
relative to the intrinsic length scale at low strain causes coahave rectangular bases, with lateral aspect ratios in the range
lescence of islands at an early stage., at approximately 1:1-1:3. We can estimate the effective stress for an array of
135 A film thickness, according to Fig).8Coalescence pro- 1:n sized islands, sketched in Fig. 11 for the case2.
motes elongated islands and the growth of the underlyind\cross the narrow dimension of the islands, the amount of
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various morphological regimes are greatly extended in thick-
ness. This permits detailed examination of processes occur-
ring within each regime that are difficult to obtain, for ex-
ample, in pure Ge growth on Si, where transitions occur
within a monolayer or two, and much of the interesting is-

G land evolution is complete within 15 monolayers of growth.
|° We have exploited this fact to study in detail the hut-to-dome
: . i transition, where we show that elastic interactions between
huts dramatically affects the energetics of the transitfon.
W We have also shown that elastic interactions cause acceler-
g0, ated coarsening and lateral ordering of hut clustéfEhese

observations are further facilitated by the larger lateral length
FIG. 11. A schematic illustration used to estimate the degree ofcales associated with low strain island formation, which
effective stress relaxation in hut ridges. permit use obptical scattering probe »17and which reduce
the resolution requirements on scanning force and electron
stress relaxation is nearly the same as for compact islandprobes.
i.e., equal togo..n, Whereg is the fractional relaxation.
Across the long dimension of the islands, we assume for CONCLUSIONS
simplicity that the end sections of the islands also exhibitthe Rraa time curvature measurement during SiGe MBE
effective stress lof c.ompacF islands, while the interior S?Ctiongrowth has been shown to be very useful in the study of
shown shaded in Fig. 11, is at the full coherency St(#8S  yperent islanding transitions. The real time data immedi-
will tend to overestimate the average strain in the elongatedse|y indicate when morphological transitions are occurring.
island. The volume of the interior section is 15( Thjs guides our use afx situimaging, allowing for efficient
—1)Veompacy WhereVeompaciiS the volume of a square based jgentification of the different morphological regimes of
pyramid. The overall effective stress is then given by growth as a function of coherency strain and deposition tem-
2g(n+1)+3(n—1) perature. We fir_1d_ that grovv_th _of Iovv_ strai_nlSj(G@ alloys
Tef= T eoh- (5) on Si001) exhibits a qualitatively identical sequence of
sn—1 roughening transitions to pure Ge on@&l1). The quantita-
Forn=2 andg=0.78, we gelr~0.85 ;. We measure tive differences arise from the _dependence of the funQamen—
0 =0.90 . in Fig. 9, suggesting that wetting layer growth tal length scale that is established .by the competition be-
also contributes to the measured effective stress. tween surface energy and bulk strain energy. Furthermore,

This can be used to provide a lower bound on the rate ofidatom c_;liffus_ion kinetics play a critical role _in controlling
growth of the wetting layer. Using Eq2), and takingo o the detailed island morphology. At I0\_/v_ strain, the lateral
~0.90,, andg,,=0.85 for the 1x 2 island shape, we obtain length scales are Iqrge, and the deposition temperature must
®,>0.23D, where®,, is the effective deposition rate into then also be large in order to observe the true nature of the

the wetting layer ane is the actual deposition rate. Thus, at island transitions. The kinetic pathways for these transitions

least 20% of the arriving adatoms incorporate into the enerca” be examined in detail since the transitions occur over a

getically unfavorable wetting layer, kinetically forced there broatdEr ranEe Ofl filjm tgi(t:rlfnte?r? thkz_in ?t hig?hstrain. \{[VEi_Iehit
due to insufficient surface mobility. At higher temperature,mus € acknowledge at the kinelic pathways at higher

e.g., deposition of $ikGe, , at 755 °C, huts clusters are able strain may differ from those at low strain, we nonetheless

to assume the ideal compact shape and the wetting Iay&ain sjgnificant insight into the energetics and kinetips of
thickness is constant or slowly decreases. islanding transformapons that bene_flt our understanding of
The lack of compositional nonuniformity within our is- morphological evolution at high strain.
lands is surprising since differing attachment biases for Si
and Ge adatoms as a function of local surface strain are
expected on theoretical grounds® While bulk lateral com- Our thanks to John Hunter for his assistance with the
position modulation is frequently observed in IlI-V MBE growths, Bob Cammarata for his insights, and Bonnie
systems’ there is scant evidence for this effect in coherentlyMcKenzie for her excellent SEM work. L.B.F. acknowledges
strained SiGe island. The complex evolution of a discrete the MRSEC program at Brown University funded by the
island (including coarsening, coalescence, and shape transNational Science Foundation under Award No. DMR-
tions) may effectively smear out internal compositional non-9632524. Sandia is a multiprogram laboratory operated by
uniformity. Sandia Corporation, a Lockheed Martin Company, for the
Finally we note that a clear benefit of examining dynamicUnited States Department of Energy under Contract No. DE-
processes in coherent island evolution at low strain is that th&C04-94AL85000.
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