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Abstract

The evolution of surface roughness and morphology in epitaxial Si and S -Ges s alloys
grown by UHV ion-beam sputter deposition onte nominally-singular, [(100]-, and {116]-mi-
scut 51001} was investigated by atomic force microscopy and transmission electron micros-
copy. The evolution of surface roughness of epitaxial 8i films grown at 300°C is inconsistent
with conventional scaling and hyperscaling laws for kinetic roughening. Unstable growth
leading to the formation of mounds separated by a well-defined length scale is observed on
all substrates. Contrary to previous high-temperature growth results, the presence of steps
during deposition at 300°C increases the tendency toward unstable growth resulting in a
much earlier development of mound structures and larger surface roughnesses on vicinal
substrates. Strain-induced surface roughening was found to dominate in Sin-Gess alloys
grown on singular Si(001) substrates at T.=450°C where the coherent islands are preferenti-
ally bounded along <100> directions and exhibit {105} facetting. Inereasing the film thickness
above critical values for strain relaxation leads to island coalescence and surface smoothen-
ing. At very low growth temperatures (T.<250°C), film surfaces roughen kinetically, due to
limited adatom diffusivity, but at far lower rates than in the higher-temperalure strain-induo-
ced regime. There is an intermediate growth terperature range, however, over which alloy
film surfaces remain extremely smooth even at thicknesses near critical values lor strain re-
laxation.

1. INTRODUCTION during thin film deposition are presently of in-
tense interest in thin film research.” While film

Surface morphology and roughness evolution growth temperatures in modern applications are
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heing  driven  toward lower values in order {o,
for example, obtain abrupt interfaces in multi-
layer devices, low-temperature growth has gen-
erallv. been found to icad to kinetically rough-
ened surfaces.™™ Low-temperature cpilaxy stud-
ies have concentrated primarily on hormocepitaxial
systems,*¥ while most investigations of surface
roughening during heteroepitaxy have employed
relatively high growth temperatures.™™'"

Low-temperature growth has sparked inien
sive theoretical Investigation of “kinelic rough-
ening” during epitaxial growlth. Much of this
work has been based on the assumption that
roughening can be modeled using scaling the-
ory applied 1o growth swrlaces which exhibil
self-affine characleristics. Under this hypothe-
sis, roughness evolves with a temporal and
seale invariant structure.” While many experi-
ments  on surface  roughening during  film
growth have been interpreted in the context
of the dynamic scaling hypothesis, no conser-
sus has emerged concerning the relationship
hetween roughness and growlh cxponents ap-
propriate to a given growth process.

Thin film growth modes on dissimilar sub-
sirates have been characterized based upen
cequilibrium thermodynamics as two-dimension-
al (20), 3-dimensional (3D), and Stranski-
Krastanov SK). In the latter case, heteroepi-
taxial film growth initially proceeds in a 2D
fayer-by-layer mode then, driven by the in-
creasing strain component in the total system
free energy, switches to 3D, For 8i...Ge./8i
(001), the 2D—3D transition thickness he ¢ s
dependent upon alloy composition x and,
hence, directly relaled to the amount of biaxial

film strain.™ There are some indicalions that

roughening during SK growth can be kinetically
limited Ly lowering the growth temperature T,07
althcugh no systematic investigations have been
reported. Most of the reported experimental in-
vestigations on surface rmorphological evolution
during Si-Ge, epitaxy have been limiled 1w
relatively high growth temperalures  (400-750
T oand compositions where swrface morpholo-
gies  are defermined primarily by  energetics

I

rather than kinetics.* ™ The authors are un-

aware of published hterature on surface rough-
ening during strained-layer epitaxy of 8i-xGex
alloys at low temperatures (T, <4007,

In this article, we present the results of an
AFM investigation of the evolution of surface
morphology and roughness i epitaxial Si and
SipGee s films deposited on nominallv-singular
and miscut S10001). The jon-beam sputter de-
position technigue proved to be very useful
since 1t yvields critical epitaxial Si{001) thickne-
sses . which are an order of magnitude larger
lhan those oblainable by MBE,'"*'" thus allowi-
ng roughness measurements to be carried out

over a much wider range of laver thicknesses.

2. EXPERIMENTAL PROCEDURE

All film growth experiments were conducted
In an UHY three-chamber load-locked stainloss-
steel svstemn shown schematically elsewhere.= '™
The growth chamber 8 cryo-pumped with a
basc pressure of 1X 10 Y Torr and contains
lacilities for reflection high-energy  electron
diffraction (RHEED) and residual gas analysis.
The analytical chamber, which is ion-pumped,
s equipped with an Auger clectron spoctrome-

ey (AlINS). Spullering is carried out using
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UHY double-grid multi-aperture broad ion-
bearq sources with provisions for in-situ spa-
tial adjustment.

1 keV Kr* ilon beams were used 1o sputter
undoped float-zone Si and Ge targets to gen-
erate hyperthermal Si ahd Ge beams. With
primary ion beams incident upon their respe-
ctive targets at a polar angle of 60° and the
substrates centered with respect to the erosion
craters such that the target and substrate
normals formed included angles of 487, the
of TRIM Monte Carlo
showed that the average energy of Si(Ge)

results sinmudations
atoms incident at the substrate surface is =18
(15} eV while backreflected Kr contributes
only =0.04{0.06) eV poer deposited 8i(Ge)
with  Juy/J 560 =0.003(0.01). The composition
and growth rate of as-deposited alloy films
were confrolled by adjusting the current on
the each target using precalbrated values ob-
tained by a combination of high-resclufion
XRD, RBS, and TEM analyses.

The primary substrates used were 15X15X
0.5 mm® P-doped n-type Si(00%) wafers with
miscut angle of =0.14" toward [110] (average
terrace length <2 >=56 nm) and a resistivity
of 4-8 L-ean, For growth on vicinal substrates,
Si{001) wafers with miscuts of 4° toward
[100] {<£5>=2 nm) toward [110]
were used. The Si{001)-4° {100} surface con-

sists  of

and 4°

terraces bounded by single-atom
height steps composed of equal fractions of A
and B edges. Substrate cleaning consisted of
degreasing followed by a UV ozone treatment.
The wafers were then H-passivated by dipping
in dilute HF and immediately inserted into the

vacuum systern. Final subslrate preparation

included degassing at 2007 for 1 h followed
by hydrogen desorption at 650°C for 10 5 and
the growth of I100-nm-thick Si buffer layers.
The buffer layer growth femperature was cho-
sen to provide a reproducibly smooth starting
surfaces as judged by correlated height-differ-
ence measurements (see Fig. 2 below). RHEED
patterns were 2x 1 with shatp Kikuchi lines.
No residual C or O was detected by AES.

Surface morpaologies of St and SiGe alloy
films were investigated by atomic force micre-
scopy (AIFM). The measurements were carried
out using a Digital Nanoscope I microscope
operated in air in the contact mode with oxide
—sharpened Si;N, tips having radii of 5-40nm.
The composition and thickness of each film,
accurate to within £1.2 at% and +3 at?g, re-
spectively, were determined by Rutherford ba-
ckscattering spectroscopy (RBS). TEM analyses
were carried out using a Philips CM-12 oper-
ated at 120 kv,

3. RESUL. TS AND DISCUSSION

3. 1 Surface morphology and roughness evolu-

tion during Si{J1) growth

All Si films uwsed in this investigation were
single crystals of high structural quality with
no defects observable by conventional or high-
resolution TEM and XTEM. Some ¢ypical AFM
images of the surfaces of 5i [ims grown to
different nominal layer thicknesses t on singu-
lar and vicinal Si(001) substrates are prese-
nted in Fig, 1. The surface morphology of 50—
nm-thick layers {(hot shown) grown on singu-
lar substrate is relatively {iat with no detect-

able features. [Purther growth, however, leads
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to the development of features, lincarly anisg-
tropic along (110}, {see, for example, Fig. 1
(a) corresponding to t=500nm). Compact well
~defined growth mounds are clearly observed
on singular substrates at t=800nm (Fig. 1
(b)) . In contrast, the initiation of mound for-
mation is already evident at t=50nm (not
shown} on the [100]-miscut vicinal surface
and the mounds continucusly coarsen with
further deposition as shown in Figs. L(c) (t=
200 am) and 1(d) =500nm). The behavior
on the [110]-miscut surface is similar to that
of the T100]-miscut excep: that the mounds
exhibit a strong shape anisotropy along the
initial [110] step direction as shown in Figs, 1
(e} and 1(©).

In all cases, the growth mounds we observe
are compact objects rather than fractal in n
ature and thus are not expected to obey con-
ventional scaling models for kinetic surface
roughening. Nevertheless, the height difference
correlation function G (ot =< h{,t -h{ie %,
where o is the separation of positions i and j,
still provides a quantitative measure of the
evolution of surface roughness.” The results
are presented in Figs. 2(u) and 2{ as the
root-mean corrglated height difference [G(g
t) 1'% vs o in a log-log plot. With the exception
of the data for t=50nm on singular substrates
for which no growth mounds were observed,
the two sets of curves exhibit similar behavior.
G'? increases with p following a power law
behavior until saturation is reached for each
film thickness. Note that, contrary to the pre-
kinetic

models assuming self-affine surfaces,” [G{o]Y*

dictions of conventional roughening

increases with increasing t at a given value of
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growth exponenis

Effective roughening and
@ and B were delermined from the data in
Fig. 2 and 8 using the scaling relationships G
(L) oo™ Tor small @ and G (gl =t Tor p—oo.
[G{p-00) )" iy delined as the average of all
measured [G{p) ] values obtained for g larg-

than that corresponding to the interscction
of best-fit straight lines drawn through the
steeply rising and saturation regions of plots.
[Glp w00l 1Y g related 1o the surface widih w,
(Gl{poo) a2y where  w= (he-Ch)) AW
Physically, @ is & measure of how well the
roughness can be deseribed by a single lateral
length scale (e.g., periodic surface roughness
corresponds to g=17.{1,16) «.=0852L0.00 for
growth with (=200-1000 nm on singular sur-
faces and 0.80=0.05 Tor growth with =50~
500 nm on [100]-miscut surfaces, both rema-
rkably similar 1o the value obtained for low-
temperature MBE Ge growth on Get001)
0800057 [Gloo, g [
thickness in

value of B.=0.7

is plotted vy fllm
3 from which we exiract a

(.05 for growth in the salu-
ration rage (0=100-500 nm) on [100]-miscut
subslrates. For g¢rowth on singular substraies,
S.=062005 ogver the same {iin thickness
range followed by a rapid increasc in @&l to
values>1 for t>500 nm. @o and An values
for [110]-rmaiscut samples were found to be
similar b0 those of the 1100} -miscul sample
witht slightly larger [Gloo, 01" values as
shown in Mg, 3. The exponents ohtalned from
our measurcments are all larger than those
prodicied by scaling theortes [or ballistic ag-

(e=1/3, B=1/5)."

Theyv also do not agree with the hyperscaling

sregation "hit and stek”
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relationship, Sa= (@/8- 2}, derived for depo
sition under conditions in which deposited ada-
loms are allowed o relax by surface diffusion
into positions of higher bonding coordination.
The instability giving risc to the development
of the observed growlh mounds separated by
a well-defined length scale cannot be explai-
ned simply by statistical fluctuations in the

PoThis is easlly demornstrated

growth  fluxt’”
using the simple model®™ (o estimate the mag-
nitude of height fluctuations due tc noise
combined with surface smoothening by diffu-
sion. Root-mean square surface roughness val-
ues obtained for a H00-nm-thick film grown
on a [100]-miscut substrate, for example, are
approximately a factor of 30 smaller than our
measured values. Morcover, the use of vicinal
substrates, n which the average terrace widih

is of the order of adatom mean free paths
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{estimated to be 2-3 nm at 300°C), would be
expected to lead toward stable step-flow
growth rather than to the growth instabilities
we observe.

We propose that the primary source of the
growth instability during low-temperature de-
position on singular and miscut Si((01) sur-
faces sfems from the amnisolropy in diffusion
along and across dimer rows™® combined
with adatom trapping near descending A-step
edges? leading to enhanced "exirinsic’ island
nucleation. In the case of the miscut substra-
tes, where the step density is high, we expect
that extrinsic island nucleation rates will far
exceed the rate of “intrinsic” random terrace
nucleation resulting in a larger roughness and
a much earlier development of growth mounds.

This tendency is consistent with both our AFM

images and the results in Fig. 3 showing that’

the absolute values of the root-mean height-
difference correlation functions were larger, at
comparable film thicknesses, on the vicinal
surfaces. Instabilities leading to the formation
of mounds have also been reported during low
-temperature MBE of Ge" in the two-dimensi-
onal (2D multilayer growth mode on near-
singular (001) substrates. However, the role of
steps in influencing the evolution of surface
roughening in this growth mode, where high
terrace nucleation rates minimize substrate-tilt
induced diffusion currents. has not been
addressed.

The mound morphology observed during 20
multilayer growth in this experiment is differ-
ent from that observed during the elevated-
molecular-beam

temperature  layer-by-layer

epitaxial (MBE} growth of GaAs on near-sin-

gular GaAs (001) substrates. The presence of a
"diffusion bias"* during growth in the step-
flow mode s predicted to stabilize smooth
growth sutfaces due to a substrate-tilt-depen-
dent diffusion current while terrace nucleation
destabilizes the growth surface by reducing
the current and leading to laver-byv-layer
growth with the production of mound or pyra-
mid-like structures.® In this case, steps stabi-

lized the growth surface.

3. 2 Surface morphology and roughness ev-
olution during Si,-Ge. (001} growth

3. 2. 1 Evelution of surface morphology and
roughness as a Iunction of T,

AFM was wsed to investigate the effects of
film growth terqperature, 200-550°C, on the
surface morphology of 100-nm-thick Si,-Gews
layers grown on nominally singular 5{¢001)
substrates. The previcus XRD and TEM meas-

urements'”

showed that alloys deposited at T,
400°C were fully strained, while the films
grown at 440 and 475°C woere partially relaxed.
The 5507C layer was almost fully relaxed. The
AFM image in Fig. 4(a) shows that the sur-
face of the T.=4757C alloy exhibits strain-in-
duced roughening in which relatively large
rounded-shaped islands, with an averags sepa-
ration of =180 nm, develop in order ta,partially
reduce the total sirain energy in the systern.
Increasing T. to BBOC resulted in islanc coale-
scence with the average island separation in-
creasing to=~200 nm. In contrast, films grown
in the very low-ternperature regime, T. < 325
T exhibited kinetie surface roughening associ-
ated with 2D multilayer growth. A typical resu-
It is shown in Fig. 4(d) for T.=200°C. The
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featwres are much smaller, with Jateral separa-
tions of order 20 nm, and less well defined
than those due to strain-induced 3D islanding.
In fact, the surface morphology of the 200T
Sip Gey s (001) layer is very similar to that ob-
served Tor low-temperature homoepitaxial Si
(001 grown al T,=3007T shown in Fig, 1.
in the

intermediale  growth

325 <71, =450C, film

tetnperaure
range, surfaces  are
smooth with no deleclable features. [xamples

are shown in Pigs. 4¢b) and 4(c) for T.,=440

440°C

~m-thick epitaxial Siy G2 3 (001) lavers on Si0CH). Fim
wvhite mage scales are!
d (di 2007, 5 n

(@) ATSC. 13 ) (o) 4407,

and 350°C.

Height difference correlation Tunctions G (g
t) were calculated from AFM images, including
the ones shown in Fig. 4, of 100-nm-thick Sie .
Geg s layers grown as a function of T, Using a
least squares fit to analvze the data in a log-
log plot of [Glo—oc} ' vs ¢ (not shown
Terey, ¢ was found to be Q75£0.02 ai T.=
200-250C, 0.60=0.02 at T,=300-440°C, and 0,
90:£0.03 at T,=475-6507T.

The saturaled height-difference correlation
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function [G(p—c0)]"* is plotted as a function
of film growth temperature T. in Fig. 5. As
expected based upon the AFM images, [G(o—
o} ' values are largest for films grown in
the high-temperature regime with [G(p—o0)]'?
2.3nm at T.=475C and 1.2 nm at 550°C. De-
creasing T. into the kinetic roughening regime,
325°C, resulted in a dramalic decrease in [G{e
—ao) |V values to=0.4 and 0.2 nm at T,=200
and 2507, respectively. However, the surface
roughness decreased even further at interme-
diate deposition temperatures, T.=350-4357C,
to yield [G(o—oo)]"® values less than 0.13
nm, indicative of growth proceeding in a layer
~by-layer mode, Note that at T.=300C [G(p
—co) 1" is much lower for Si,:Geqs than for
Si filras grown by the same technigue.
Decreasing the growth temperature allows
surface kinetic processes to assume an increa-
singly important role in determining surface

morphology. Adatom mean free paths become

I LD B B A s St MR |
| 8i, ,Ge, fSi(001}) 1
) }_ t=100 am ]
= __—C—SiU_TGeM(Om) 4
£ E = Si{001) ]
¢ osf ]
) F E 1
[ SN
(=%
5] 0.2 r ’\! ]
01 -]
P SR TSN NP R RPN B PO SR
150 200 250 300 350 400 450 500 550 600
T, (°C)
Fig. 5 Saturatad rool-mean core'zted raight —di-
ference [Gloo, )Y va tha growln lem-

paralura T, of C00-nm-thick cosaxal Sipe

Gy 2 (001) Tims on S 000

shorter leading to higher island nucleation
rates on terraces, a smaller average island
size, and smoother surfaces at all film thick-
nesses. However, at very low temperatures,
300°C in this case, barriers to crossing step

% begin to significantly inhibit interla-

edges
yer mass transport thereby enhancing kinetic
2D multilayer

arowth. A comparison of the present low-tem-

roughening assoclated  with

perature Sis [Geqs results with those of homoe-
pitaxial Si(001) films in section 3.1 in the ki-
netic roughening regime shows that the alioy
film surface is smoother than that of pure Si
At growth temperatures between those cor-
responding to the kinetic and strain-induced
roughening regimes, we have shown that there
is a reasonably wide temperature window (the
value of which will depend upon alloy cencen-
tration and film growth rate) where extremely
-smooth fully-sirained 8i-.Ge. alloys can be
grown on SiW001). [G(o—oc}]Y? values for
100-nm-thick Si,.Geo ,(001) layers grown at
350-435°C, for example, are only 013 nm
which is comparable to that of the starting
homoepitaxial Si(001) buffer layer, 0.09 nm.
Even for alloy lavers with thicknesses near h.
in this growth temperature range f{e.g., t=5650
nm at 350°C and 180 nm at 4357C), {G(o—
oo) J1* ig less than (.45 nm. The use of kinet-
ics to control surface roughening during epita-
xy ab intermediate growth temperatures offers
not only the potential for decreasing the over-
all thermal budget during device fabrication.

3. 2.2 Evolution of surface morphology and
roughening as a function of film thick-
ness

The evolution of surface roughening on Sis s

Ges s (001} was also investigated as a function



of tm thickness © In the high-temperature
strain-induced rousghening regime, the surface
roughness incereases rapidly. Fig, 6 shows {ypi-
cal ATM Images of films grown at T.=5530 T.
An islanded surface structure i already ap-
parent at 1=7.5 nm. However, as shown In
Fig. 7, [Gileo, 31 Increases al a rapid rale
over this thickness range, [rom 0.1 nm for the
starting SO0y bulfer-layer surface (o 0.5
nm for the 7.5-nm-thick alloy layer to 2.3 nm

ab t=15 nm. Thus, the lands grow raptdly in
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the wvertical direction with ne indication in
AM Images ol significant coarsening.

A Turther increase in t to 30 nm has little
additional effect on the swface roughness.
However, as shown in Fig. 6{b), the coherently
—strained islands are now well-developed with
edges along <100% directions and some indica-
tion of facetting., Analvses of AFM micrographs
indicate that the four 80o-rotaled cusp surfac-
es contain segments orlented at or near {105}

facet plancs (see also Tig, 8la)).
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As the SiGegs film thickness t exceeded
the critical value for the formation of interfa-
cial misfit dislocations (h.=36 nm at T,=550
T, Figs. 6{c) and 6(d) show that the surface
of fims grown on nominally-singular Si(001)
substrates quickly smoothened through island
coalescence. As shown in Fig. 7, [Glp—oo) '
decreased from=>23 nm for a strained layer
with t=30 nm to 0.8 nm for a partially relaxed
laver with t=50 nm while the average island
separation increased from~65 nm to 90 nro. In
the absence of strain during growth in this
high-termperature thermodynamically-contrelied
regime, smoothening occurs to minimize the
total surface area. As expecled, based upcn the
above discussion, the relaxation of film strain
also reduces the tendency for islands 1o devel-
op <100>-oriented pyramidal shapes, instead
they evalve foward more rounded shapes to

Turther reduce the total surface area.

3. 2.3 Effect of substrate vicinality

Strained 30-nm-thick SioGess fillns  were
grown at T,=bEp0'C on nominally-singular Si
(001 and vicinal 811001 substrates rniscut ei-
ther 4 toward [100] or 4° toward [110].
Typical AFM images are shown in Fig, 8 The
3D islands in films grown on singular Si{Q01)
substrates (Fig. 8(a)), as noted in the previous
section, tend to be bounded by <{100) edges
and aligned in rows along 100  directions.
Similar in-plane tmorphological characteristics
were observed In films grown on Si(001)-4°
[100] miscut substrates (see Fig. 8(b)} where
the tendency of the islands fo form along the
clastically soft {100} directions i3 even strong-
er. However, Fig. 8{c) reveals that surface
features in films grown on SL001)-4° [110] mi-
scut substrates are more rounded with a ten-
dency to align along <110 rather than 100>
directions. _

Two-dimensional histograms of the directions
of vector normals to the swrfaces of the is-
lands shown in the corresponding AFM micro-
graphs arc alse plotted n Figs. 8{(d), (e), ard
Y. Films grown on S1(001) have swrface nor-
mals which are bprimarily within 77 around
(0011 but with components which range out to
the {105 poles indicating a weak tendency for
facetting (see IFig. &(d)). The intensity distri-
butions in the outer Tour lobes in Fig. 8/d) are
centered near the 105> poles marked by "'
signs. XTEM micrographs of this sample obtai-
ned along [100] (not shown here) show that
the surface normals near <105> poles result
from cusps or trenches formed at infersections
between islands. The XTEM micrograph (not
shown herel and AFM histogram in Fig. 8l
show that the cusp-like features™ are deeper
and the propensity toward facetting is greatly
enhanced for fiims grown on 4°{100] substra
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tes. In contrast, Fig. 8{f) shows that for alloys
grown on Si(001)-4 [110], essentally all sur-
face normals are within £6° of the center
lobe with little Indication of faceiting.

The [G{p—o2)}? values obtained from (G
(1Y vs o plots (not shown herel indicate
that the surface roughness of the (001)-4°
(110} film, 1.7 nm, was similar to slightly
smaller that of the (001) layer, 2 nm, but
with a larger average island separation, {dy=
95 nm vs==65 nm for (001). The roughness of
the more strongly facetied (001)-4"[100] film
was very much larger, =8 nm with <d>==110
nrn, than either of the other two.

{105} facetting has been cbserved previously
during the growth of 20- to 175-nm-thick Si—.
Ge, (x=0.15-0.35} lavers on Si{001) by chemi-
cal vapor epitaxy (CVD) at T.=b00-75¢ >V
and the MBE growth of Ge on 8i(001) at T.=
200°C.* A 8TM study of the MBE Ge layers
showed that islands on (001)-25°[100] &
have edges more closely otlented along {1007
directions than those on Si(001), similar to our
observations for Sy .G, STM images*™ reve-
aled that the Ge {105} facets consist of nar-
row (001) terraces separated by single-atom-
helght steps along <100 directions. The ter-
races, with width 5/4 of the 81 lattice parame-
ter, contain two Si dimers oriented such that
the dimer bonds are 43" to the step edges.
Based upon this observation, Knall et al®
suggested that {105} facet formation allows
the compressive stress in a given terrace to be
partly compensated elastically by the 90°-ro-
tated dimer pair in the next terrace down. Ef-
fective stress relief may explain the Xkinetic
pathway to leading to formation of {108} fa-
cetting rather than lowet energy facet surfaces
such as, for example, the {113} which has

been observed during the homeepitaxial growth
of Ge(001) =

4, CONCLUSIONS

Low-temperature Si epitaxy is unstable on
both singular and vicinal surfaces and leads to
the development of well-defined growth
mounds. The growth surfaces are not self-af-
fine and the evolution of surface roughness is
inconsistent with conventional scaling laws for
kinetic roughening, The most important finding
of this research, however, is that contrary to
results obtained for high terperature epitaxy
in the step flow regime, the 3i{001) growth
surface is more unstable on vicinal than on
singular substrate surfaces during growth in
the 2D multilayer mode,

Strain-induced roughening was found to be
dominant at high growth temperatures {(To=
450°C) with surface roughness increasing as a
function of film thickness t and then decreas-
ing again due to island ccalescence as t ap-
proaches the critical layer thickness for strain
relaxation. Growth on [100]-miscut substrates
enhanced the formation of {1007 ~bounded 3D
islands with {105} facetting, while the use of
[110] -miscut substrates suppressed the tende-
ncy for facetting. At low growth temperatures
{(T.=250°C), the surface roughens kinetically
but at much lower rates than observed for
high~temperature strain-induced roughening.
In the intermediate temperature range, the
srowth surface remains relatively smooth even
near the critical layer thickness for strain re-
laxation.
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