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Effect of steady-state hydrogen coverage on the evolution
of crosshatch morphology during Si ;_,Ge,/Si(001) growth
from hydride precursors
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Compressively strained §iGe, 5 layers were grown on §01) by gas-source molecular beam
epitaxy from GgHg/Si,Hg mixtures at 450 °C. The combination of the relatively low growth
temperature and high steady-state hydrogen surface covefggd).52 monolayer, completely
suppresses strain-induced roughening and provides extremely flat surfaces with root mean square
widthsw< 1.5 A for fully coherent layers. These samples were used as the starting point to probe
mechanisms that control misfit-dislocation-induced surface roughefiieg crosshatchalong
90°-rotated(110 directions. For film thicknesseisjust larger than the critical value for misfit
dislocation formation, t,=1000 A, surface roughness is dominated by single- and
multiple-atomic-height steps generated by the motion of threading dislocations associated with
interfacial misfits. The surface steps are preferential H desorption sites and the increase in total step
length results in a decrease 6y on terraces as well as at step edges. The latter effect allows a
higher adatom crossing probability at ascending steps, leading to the formation of periodic ridges in
response to local strain fields associated with misfit dislocation clustérsreases from 3.1 A at
t=1350 A (corresponding to strain relaxatioR of 1%) to 27 A at t=4400A (R=78%).
Simultaneously, the decreasedp on terraces strongly affects film growth kinetics as the deposition
rates increase from 10 A miifh with t<t, to =60 A min~! with t=1400—4400 A. Overall, in films

with t<1440 A (R<5%), crosshatch is due to surface steps that result from multiple misfit
dislocations on single glide planes. At higher film thicknesses 22—78%), crosshatch becomes
dominated by local strain-induced roughening and leads to periodic ridge formatior200®
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I. INTRODUCTION Strain relaxation through the formation of misfit disloca-

Smooth surfaces are required for the fabrication, througiions in group IV and Ill-V semiconductor heterostructures
band gap engineering, of high-frequency planar fullyresults in a surface roughening morphology termed “cross-
strained Si_,Ge,/Si(001) heterostructure devices with en- hatch” which consists of periodic surface ridges aligned
hanced holk and electroh mobilities, whereas controlled along orthogona{110 surface direction$-*° Two different,
and reproducible roughening forms the basis for novel debut related, models have been proposed for the formation of
vices based upon self-organized quantum dots and Wwires. surface crosshatch. Lutt al® reported that for layer thick-
both cases, a detailed understanding of surface roughenimggsses up te=5000 A, surface roughening of SiGe 15
mechanisms and reaction paths is required. The two primarglloys grown on S001) at 560°C by ultrahigh vacuum
strain relaxation mechanisms during heteroepitaxial film(UHV) chemical vapor deposition could be accounted for
growth are strain-induced surface roughening and the formasimply by the formation of 60° misfit dislocations at the
tion of misfit dislocations at the layer/substrate interface SiGe/Si interface. Each misfit dislocation, which forms by
Strain-induced roughening is favored by higher film/glide on {111 planes, results in a surface step of height
substrate lattice-constant mismatch and higher growtlp.sa,, wherea, is the bulk Si lattice constari5.430 88 A.1*
temperature$? Tersoff and LeGouésshowed that the acti- With an increase in film thickness, multiheight surface steps
vation energy for strain-induced roughening decreases ragyise due to periodic arrays of dislocation pileups on a com-
idly with an increase in misfit strais, varying ase . In . mon glide plane. For 4000-A-thick layers, Luet al. found

contrast, the activation energy for dislocation nucleation anghat the linear number density of pileups is approximately
multiplication varies much more slowly with layer strain, 1.5 um™L.

Faldi -1

yielding ane "~ dependence. Fitzgerald and co-worket2®and other¥**have argued
that crosshatch surface relief features have heights which are
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servation of crosshatch as a function of film thickness de{AES). During film growth experiments, Sils and GeHg

pends upon experimental resolution, it is likely that bothmolecular beams, with incident fluxes of X10' and 1.3
mechanisms contribute with the dominant one depending 10'®> cm™2s !, were delivered to the substrate through in-

upon the film/substrate lattice constant mismatch, film thickdividual directed tubular dosers.
ness, and layer growth conditions. The substrates were 0.5-mm-thiokype S{001) wafers

We have recently shown that strain-induced surfacqn=1-2x10"cm~3) with a miscut of=0.1° in the(110)
roughening in fully coherent &jGe,3/Si(001) structures direction. Initial cleaning consisted of solvent degreasing,
(e=1.2%) is Kkinetically limited during gas-source muyltiple wet-chemical oxidation/etch cycles, and a 60 s etch
molecular-beam epitaxyGS-MBE) from hydride precursors in dilute (2%) HF.*® The substrates were then exposed to an
at temperature$ <500 °C In fact, strain-induced rough- Uv/ozone treatment to remove C-containing spé€iesd
ening is completely quenched a;=450°C due to a com- introduced, through the sample-exchange chamber, into the
bination of the low growth temperature and the correspondgeposition system where they were degassed at 600 °C for 4
ingly high steady-state hydrogen coveragé,=0.52  h and then rapidly heated at 100 °Ctgo 1100 °C for 1 min
monolayer(ML),** resulting in low adatom ascending-step- 1o desorb the oxide layer. The RHEED patterns of substrates
crossing probabilities. subjected to this procedure were<2 with sharp Kikuchi

In this article, we present the results of an investigationjnes, No residual C or O was detected by AES(0SI)
of the mechanisms that control the formation of surface,yifer |ayers, 3000 A thick, were deposited B¢=800°C
crosshatch during GS-MBE of strained, 36&, 3 layers on  pyior to the growth of $j-Ge, 5 alloy layers aiT,=450 °C.
Si(001). The films were grown as a function of thickness The high-temperature buffer layers serve two purposes: they

from GeHg/Si,Hs gas Lnixtures in the surface-reaction- coyer any remaining surface contamination while simulta-
limited regime affs=450°C. These conditions were chosen neqysly providing a more uniform distribution of terrace

in order to eliminate strain-induced roughening prior to thelengthsV
introduction of dislocations, thereby allowing us to focus on Deposited alloy layer thicknessésand compositions

strain relaxation through crosshatch formation. The surface\;\;,ere determined using a combination of Rutherford back-

of fully coherent all'oy layers are extraordinarily flgt with scattering spectroscopyRBS), x-ray reflectivity (XRR),
root mean square widthg<1.5 A. We use a combination of high-resolution x-ray diffractiof(HRXRD), and HRRLM.

atomic force microscopyAFM), high-resolution reciprocal penorted values farandx are accurate to withirt5 A and
lattice maps(HRRLM), and plan-view and cross-sectional .+ 394, respectively. The RBS measurements were carried
transmission electron microscopyEM and XTEM, respec- 4t ysing 2 MeV Hé ions and the results analyzed with the
tively) to show that layers having thicknesdefust greater RUMP simulation prograni® A Bede HRXRD system oper-
than the critical valuet; for forming misfit dislocations, 404 with a Cu Ka; monochromatic beam \(
~1000 A, develop single- and multiple-height atomic steps_ 1 549597 A) was used to obtain XRR scans which were
on the surface due to the glide of misfit dislocations. Withg: pased upon the Fresnel reflectivity formulation of
further deposition, the degree of film relaxati®hand the  pgraiil®

surface widthw increase rapidly fromR=1% with w

=3.1A att=1350A to R=78% W'th_W:27A att  fractometer with CuKa, radiation from a four-crystal
:4400'&_ as the surface develogsl0 ridges that have g220) monochromator which provides an angular diver-
symmetric cross sections and rounded tops, which expan@ience of<12 arcsec with a wavelength spread Hk/\
both laterally and vertically. The film growth raRsice, 10 7% 1075. ,»—2¢ overview scangw is the angle of inci-

Amin~! for film thicknesses up to., rises dramatically to dence ands is the Bragg diffraction anglewere obtained
=60 A min~ following the initiation of strain relaxation. We with a detector acceptance angle=e2°, while an additional
attribute this to the increased total lengthof step edges, yyo-crystal G€220) analyzer was placed between the sample
which act.as preferential H desorption sites, leading to a4 the detectofacceptance angle=12 arcsek to obtain
decrease in the average terrace H coverage and, thereby, gy resolution scans and HRRLM about both the symmetric
increase iRsige: The corresponding decrease, due to highe, g asymmetric reflections. HRRLMs are generated from

L values, in hydrogen step-edge coverage contributes {Q,ccessive—20 rocking curve scans starting at different ini-

ridge formation and increased surface roughness$>ett  i51 values forw.

through the res.,L.JI_ting increase in adatom ascending-step Si, /G&, 4001) surface morphological evolution was in-

crossing probabilities. vestigated as a function of film thicknesby contact-mode
atomic force microscopy. The AFM measurements were car-

Il. EXPERIMENTAL PROCEDURE ried _out in air_ using Digital_ Instru_ments Nanoscope_ll and
Multimode microscopes with oxide-sharpened;Ngi tips

All Si, /Gey 5(001) layers were grown in a multichamber having radii of 50-400 A. The images were linearly pla-

UHV system, described in detail in Ref. 15, with a basenarized to remove sample tilting effects during the measure-

pressure of X 10 ! Torr. The system is equipped with the ments. Additional line-by-line leveling was performed on the

capability for in situ temperature-programmed desorption smoothest samples to remove low-frequency vibrational

(TPD), reflection high-energy electron diffractigRHEED), noise.

low-energy electron diffractiofLEED), electron energy loss Height—difference, G(p)=<|hj—hi|2>, and height—

spectroscopy (EELS), and Auger electron spectroscopy height,H(p)=(h;h;), correlation functions, wherk is the

HRXRD measurements were performed in a Philips dif-
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FIG. 1. Film thickness as a function of deposition timeduring the growth 4
of Siy/G& 3 on Si001) by hydride GS-MBE afl ;=450 °C. K

1L

height at positions andj separated by a distangeand the
angular brackets correspond to averages over the measur,glg;. 2. HRRLMs around 113 Bragg peaks from Se, layers grown on
surface, were calculated from the AFM data. Values for thesjgog) py hydride GS-MBE aff,=450 °C. The layer thicknessand de-
dominant in-plane length scal are determined from the gree of relaxationR are t=800A, R=0; t=1350A, R=1%; t
first maximum inH(p), while values for the surface width =3500A, R=51%; andt=4400 A, R=78%. The insets next to the
w, which is equivalent to the root-mean-square roughness; 800 and 1350 A samples show details of the layer peaks.
are obtained using the relatiow2=G(p) + 2H(p).

TEM and XTEM examinations were carried out using
JEOL 2010F and Philips CM12 microscopes operated at 20@ontours as a function of the reciprocal lattice vectiys

and 120 kV, respectively. Plan-view samples were prepareflarajiel andk, perpendicular to the surface. The substrate
by thinning from the back side in a 10:1 HN®IF solution.  5nq |ayer scattering distributions are perfectly aligriem
Specllmens.for. XTEM examlngtlons were Dfepafed by MEwithin 10~°) in thek, direction for the 800 A alloy, showing
chanical thinning followed by ion milling as described in hat the film is fully coherent with the substrate. The layer
Ref. 20. diffraction contours are nearly symmetric with no broaden-
ing in either thew or k; directions, an indication of high
Ill. EXPERIMENTAL RESULTS crystalline quality and low mosaicity. Finite-thickness inter-
ference fringes are visible and positioned periodically along
the growth direction, consistent with the alloy layer being of
high structural quality with a laterally uniform film/substrate
interface. As the layer thickness increases, broadening in the
w and k; directions is observed in both the substrate and
layer peaks, suggesting larger surface and/or interface rough-
ness with increased mosaicity. The position of the layer peak,
with respect to that of the substrate, continuously shifts from

by GS-MBE from hydride precursors have previously beerbeing perfectly aligned along the direction toward being

deterr_mned as a function qu' For the growth conditions centered along the—260 direction, which would correspond
used in the present experiments, steady-state Ge and H co

) . ) complete strain relaxation.
eragesfs. and 6., were found from isotopically tagged,

) k, andk, in Fig. 2 are related to peak positionsdn-26
TPD measuremerftsto ble 0.79 and 0.52 ML, respectively, space through the relationships
for fully coherent layerg!

Sip. /Gy 4(001) film thicknesses as a function of depo- k,=2rg sin(§)cog w— 6) 1)
sition time 7 (Ref. 23 are plotted in Fig. 1. Fot<t., the
film thickness increases approximately linearly wiithcor— and
responding to a deposition raRsge of 10 Amin ! The _ ; b
slope then changes rapidly to yieRkge=60 A min~t over ki =2resin(6)sin(w—6), @
the thickness range betweenl400 and 4400 A. As dis- whererg is the radius of the Ewald sphere given by
cussed in Sec. IV, this suggests that the steady-state surfasel/\=0.64910 A", For a 113 reflection from an 001-
hydrogen coverage decreased:at.. oriented diamond-structure crystal, the in-plameand out-
Typical HRRLMs around asymmetric 113 reflections areof-plane a, lattice constants are given by,=v2/k; and
shown in Fig. 2 for four Si/Ge, 5(001) layers of increasing a, =3/, . The relaxed 3i/Ge, 3 lattice constan, is ob-
thickness. Diffracted intensities are plotted as isointensitytained from the relationship

GS-MBE S} /Geg, 5 layers were grown to thicknesses
ranging from 100 to 4400 A on &l01) at T;=450°C. The
critical thicknesg for misfit dislocation formation was de-
termined from XTEM imagegresolution in dislocation spac-
ing =1 um™ 1) and analyses of HRRLMgesolution=0.1
um~1) to be 100@-200 A. Ge surface segregation kinetics
during the growth of fully coherent $jGe, 3/Si(001) layers
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FIG. 3. (a) Strain relaxatiorR, (b) root-mean-square surface width and

(c) average in-plane surface feature separati@s a function of the thick-
nesst of Siy/Ge 3 layers grown on %001 by hydride GS-MBE atT

=450°C.
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1= a, (1+v)
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in which » is the film Poisson ratio. The Ge fraction in the
alloy layer is then determined from, and linearly interpo-
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FIG. 4. AFM images from(a) 800-A-thick and(b) 1350-A-thick SjGey 3

layers grown on $001) by hydride GS-MBE afl ;=450 °C. (c), (d) AFM

line scans over the single-height and triple-height dislocation-induced sur-
face features indicated by the arrows on the right and the left, respectively,
in (b). The lower panels are schematic cross-sectional diagrams correspond-
ing to the sample regions shown (g) and(d).

surface roughness and average in-plane feature separation as
a function of the Sj;Gey5(001) film thickness are summa-
rized in Figs. 8b) and 3c). All Siy/Gey4001) films with
thicknesses<t, have smooth, flat surfaces wit<1.5 A.
An example is shown in Fig.(4) for the fully coherent 800-
A-thick layer in Fig. 2. The contrast in the AFM image is
primarily due to vibrational noise.

Layers witht just larger thart, remain highly strained
with R varying only from 1% to 5% as$ is increased from

lated elastic constants using the corrections to Vegard's rul@350 to 1440 A. In this regime, the surface roughness is

reported by Dismukest al?® Measured values af, anda,

dominated by the formation of misfit-dislocation-induced

are also used to determine the degree of in-plane layer relaxurface steps with average feature heights which remain ap-

ationR as
a;—a
R=——, (4)
dp—as

wherea, is the substrate lattice constahtThe Ge concen-

proximately constant and step—step separattbndich de-
crease rapidly with an increase in film relaxati@ee Fig.
3(c)]. At t=1350A, corresponding to a layer witR
=1%, the AFM image[Fig. 4(b)] exhibits long, straight
surface steps which are aligned along orthogeh®0) direc-

tration for all layers, including the four presented in Fig. 2, istions. The surface width and the average step-to-step separa-

0.30+0.03, while theR values, plotted versus film thickness
t in Fig. 3@, range from=0 with t<t. (see, for example,
the t=800 A layer HRRLM in Fig. 2 to 78% for thet
=4400 A layer.

tion arew=3.1 A andd=1.75um, respectively.

Line scans across surface steps reveal that approximately
half of the steps arise from single misfit dislocations with the
remaining being multiheight and corresponding to up to four

Figures 4 and 5 contain typical AFM images from layersdislocations on a single slip plane. Sample line scans, which
grown to thicknesses below, above, and far above the criticatan be interpreted on the basis of associated schematic dia-
thickness for the formation of misfit dislocations. Results forgrams, are presented in Figgcyand 4d) for single- and

Downloaded 30 Jan 2003 to 130.126.102.122. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



1922 J. Appl. Phys., Vol. 93, No. 4, 15 February 2003 Spila et al.

0 0.5 1.0 0 2

1
y (um) y (um)

FIG. 5. AFM images from(a) 3500-A-thick andb) 4400-A-thick Sj ;Ge, 5
layers grown on $001) by hydride GS-MBE aff ;=450 °C. (c), (d) AFM
line scans over the surface features indicated by the arrou® and (b),
respectively.

triple-height steps. The single-height stdéfig. 4(c)] results

from a 60° dislocation, indicated by the arrow on the right

ice of 7. 40, wih Burgers vectom—0.9101) at the 15,5 8 S100 0 220 XTEM ando) ot fld 0t e T

intersection of a111) glide plane and the film/substrate in- g5 Mg arT.=450°C.

terface. In this case, the surface steps up toward the right.

(Note that the screw component of the dislocation does not

result in surface displacemen8imilarly, the surface feature these highly relaxed layers. This is clearly observed in Fig.

shown in Fig. 4d), which corresponds to the arrow on the 5(d) and consistent with the observation that the aspect ratio

left in Fig. 4(b), can be constructed from three dislocationsw/d of the ridges in the two thickest layers decreases slightly

with b=0.5011] on the same (11) glide plane. The up from 3.5 to 2.5¢10 2 ast increases from 3500 to 4400 A

step is toward the left. The asymmetric profiles of the steps(see Fig. 3.

including the surface displacements on both sides of the step, Figures 6a) and b) are XTEM and plan-view TEM

can be accounted for by solution of the elasticity equatfons.images of the=4400 A Sj ,Ge, {001) sample which, from
The degree of film relaxation increases rapidly with HRRLM measurements, is 78% relaxed. Tgwe 220 bright-

Sip /Gy 5(001) thicknesg=1440 A and the surface cross- field XTEM micrograph shows the presence of misfit dislo-

hatch morphology continues to develop as shown in AFMcations at the film/substrate interface as well as dislocation

images consisting of both dislocation-induced steps and pepileups that extend into the substrate along th&l) and

riodic arrays of ridges along 90°-rotatéd10) directions. (111) glide planes. Pileups are also evident in the dark-field

However, with further increases tnthe surface morphology ‘g=400 plan-view image that shows orthogonal dislocation

quickly becomes dominated by ridges. Figur@)5is an  arrays.

AFM image of a 3500-A-thick layer for whicR=51%. The

ridges are app.roxm?ately symmetric in cross section a3, 5 c~ssION

shown by a typical line scafFig. 5(c)] across the feature

labeled by the arrow in Fig.(8). The average surface width Siy /Gy 5(001) alloys grown on $001) at T;=450°C

w of the ridges in this sample is 25 A with an in-plane ridge-from dihydride gas-phase precursors remain fully strained

to-ridge spacingl of 7000 A. and commensurate with the substrate for film thicknesses
Figure 3b) is an AFM image from a=4400-A-thick up tot.,=1000A. The layers have extremely flat surfaces

layer with R=78%. Line profiles reveal that both the aver- with w<1.5A. As't is increased abové., plastic shear

age height and width of the ridges in this layer are larger thamlisplacement, associated with 60° dislocations gliding on

those of the 3500-A-thick film. A typical result is shown in {111} planes, results in the formation of surface steps of

Fig. 5(d) [note the change in lateral scale between Figs. 5 atomic dimensions. The roughness of &e, {001) layers

and §d)]. From an analysis of the image in Fig(bh, we  with thicknesses of 1350 and 1440 A, corresponding to 1%

obtainw=27 A with d=1.1um. The increase in ridge-to- and 5% relaxation, is dominated by these dislocation-

ridge separation indicates that coalescence is occurring iimduced surface steps. The AFM images consist of large flat
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terraces separated by long straight steps along orthogonal ZQSifgb si A A

(110 directions as shown in Fig.(#). The step height asso- Rsice= o i, SS e+ Joe,H, SeeH,)

ciated with a single 60° dislocation is 2.7 A. Multiheight Sice

steps are also observed due to multiple dislocations on a ZHGefﬁb’Ge Ge Ge

common glide plane. + W(JSizHGSSi2H6+‘]GGQHSSGezHG) (5)

Further increases in film thickness result in rapid strain
relaxation through the introduction of additional misfit dislo- fgp siandf 4, gein EQ. (5) are the fractional Si and Ge surface
cations. At the same time, the overall film deposition rateatom dangling bond coverages; the total dangling bond cov-
increases dramatically and the surface morphology changeg¥agedq,=(1—6y). Jis the precursor flux while the terms
from being dominated by single- and multiheigh1 0 steps, Sf) correspond to the reactive sticking probabilities of precur-
giving rise to average surface widths of =3.1 A witht  Sorp (SiHg or GeHg) at sitess (Si or Ge. Mixed dimers
=1350-1440 A, to one consisting of orthogonal arrays of2re ignored since their population fraction is less than 20%
(110-oriented ridges with symmetric cross sections and and the hydrogen desorption energy from mixed dimers is
—25-27 A att=3500-4400 A. We propose that both the between that of Si and Ge dimefs.
onset of ridge formation, under growth conditions which ~ fansifor Sih-xG&(001) GS-MBE, in which SHe ad-
quench strain-induced mound formati¥hand the increase sorgtlon and H desorption are both second order, is given
in Rgige are related to a decrease in surface H coverage with
increasing in total step length.

-1

Vaseket al?® have demonstrated, based upon scanning ¢ __| 2] iHgSSipHs ®)
tunneling microscopy results, that small H coveraggsn- db.S N _ Esi(fce)
crease the activation ener@y for diffusion of Si atoms on sVs €X kTs

Si(00)) terraces aff=250°C. At higherTg, however, the

H atoms are sufficiently mobile that they have little effect onNs in Eq. (6) is the surface atom number density,is the H
Si surface diffusion andEs remains close to the value ob- Surface desorption prefactor, afi(dse) is the activation
served for clean $001). We expect similar results for dimers €nergy for H desorption from a Si surface sitg e is 0b-
which are believed to be the primary diffusing species orfain€d from a parallel expression for Ge.

Si(001),2” and hence Si ,Ge,(001)28 at the growth tem- While Si;_,Gg(001) GS-MBE growth kinetics are far
peratures used in the present experiments. more complex, due to strong interactions among kinetic pa-

While there are no reports on ad-dimer diffusion onf@meters, than those of (801)* [or G&001)]**5for which

. . . 2 - .
Si(001) or Si,_,Ge(001) across step edges where H isf'l_rlrl1 gerWt? rates are S|rr]nply proportional to (]?F? ' 't'hs
present, first-principles total-energy calculations have show till clear from Eq.(5) that Rsiee increases rapidly with a

that H increases the trap eneryfor adatoms by=0.1 and ecrease in hydrogen coverage in the surface-reaction-
0.8 eV atS, and S, steps on $001).%° Thus, while surface limited regime?® This implies that the large increase we ob-

H has little effect on adatom mobilities, H atoms at Stepserve In S /G (001) growth rates af;=450°C over the

edges can significantly affect adatom ascending step—crossirlgg;‘althmkneSS region corresponding to significant layer re-

probabilities during film growth. Two-dimensional surface tion is due to a decrease . We suggest that this

segregation of H toward step edges, for which there is oy oceurs due to preferential H desorption from step edges as

. : . : the total step edge length increases rapidly with film relax-
perimental evidencg, would serve to amplify this effect. ion. Zhanget aEIJ.3° rep?orted a relatedpob;/ervation. They
The high steady-state hydrogen coverage durlnground that the growth rate of ®01) by GS-MBE from
Sip /56 3(001) GS-MBE atT,=450°C contributes to the

: L . . . Si,Hg at T;=500°C was higher on 4°-misoriented(@1)
qlgen(;hlng ?f straln—llnducetilllrlndo.?fnd. forrEat(ljon, Wh'.Ch’ “(lj(ethan on nominally singular substrates.
riage formation, requires uphitf dimusion, by decreasing ada- 1, orqer 1o explain ouRgg{t) results, we propose that

tom ascgndmg step-crogsmg rates. . L the H desorption rate per site is only slightly larger at step
Hydride GS-MBE ) /G& 4001) film growth kinetics o405 than on terraces. This would result in a gradient in H
are a complex function of the surface hydrogen covetge ., arage over a relatively narrow region ranging from step
which, itself, depends on the Ge coveragg, th_rough the edges out onto adjacent terraces. Thus, far Sbe,(001)
strong e dependence in the hydrogen desorption rates from, t2ces with wide average terrace widths, the step edges
surface Si and Ge sitéS.In fact, the Ge segregation and paye 5 negligible effect on the overall film growth rates.
hydrogen desorption rates are mutually dependent since thg,yever, as the step densities increase with the formation of
Ge segregation enthalpy decreases with an increadg.f  misfit dislocations, the terrace widths decrease and the H
The presence of hydrogen at Si surface sites not only reduc%%pleted zones around step edges become a significant
the surface energy, but directly decreases the Ge segregatigg,rce for reducing the average H coveraeon terraces
rate through site blocking. In addition, the,B5 and GeHg  gng, consequently, increasim@sce. We estimate, based
reactive sticking probabilitieSs;,;;, andSge,n, 0N Siand Ge  ypon the average step separation due to dislocation-induced
sites also depend strongly @i throughf..?° By combin-  roughening, that for $i,Ge, 3/Si(001) hydride GS-MBE at
ing these results, it has been shown that_gBg(001) 450 °C, the total step edge lendthinitially increases slightly
growth rates for fully strained layers are described well byfor film thicknesses betwees1000 and 1440 A, then in-
the following expressioR’ creases by a factor 66X ast is increased from 1440 to
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2300 A and periodic ridges are formed. Howeveremains  perature and the correspondingly high steady-state hydrogen
approximately constant over the film thickness range frontoverage during growth#,=0.52 ML) and gives rise to
2300 to 4400 A due to the competition between ridgelow adatom ascending step-crossing rates.

growth, which increasels, and ridge coalescence, which de- At layer thicknesses>t., the glide of misfit disloca-
creased.. Thus, we observ®g to initially increase dra- tions along{111} planes produces single- and multiheight
matically at t=1400 A, after which it remains approxi- surface steps along orthogorall0) directions. The surface
mately constant. We expect that;s. will actually decrease steps act as preferential H desorption sites; thus, the
at even higher thicknesses as ridge coalescence dominatéislocation-induced increased total step length leads to a de-
andL decreases. crease indy on terraces and, therefore, an increasBdjge.

A decrease in6y resulting from misfit-dislocation- The corresponding decrease in the hydrogen concentration at
induced surface steps formed during, &e,3(001) GS- step edges enhances uphill surface mass transport, which is
MBE at t>t. not only increaseRgge, but also allows driven by large inhomogeneous strain fields around disloca-
higher adatom ascending step-crossing rates, which is necessn clusters, over ascending steps and leads to the formation
sary for ridge growth via uphill mass transport driven by of ridges, with symmetric cross sections, which increase in
inhomogeneous strain fields around dislocations. Similar tdneight and width with an increase in film relaxation. Thus,
the case of strain-induced roughenifighe overall behavior both of the previously proposed mechanisms for crosshatch
is controlled by two primary competing terms. The first, formation are observed with contributions which vary with
which corresponds to the surface free energy contribution tthe film thickness.
the chemical potential, depends on the curvature of the sur- For film thicknesses just greater thgn the degree of
face and tends to flatten the profile, while the second term ifilm relaxation and the increase in step density remain rela-
the elastic energy contribution which includes the straintively low. The average step separatidrvaries from 1.75
fields around the dislocation cores and gives rise to a net flugm at R=1% (t=1350A) to 1.4 um at R=5% (t
of adatoms from valleys toward the ridges. =1440 A) while the average feature height=3.1 A, re-

The local driving force for ridge formation initially in- mains approximately constant. This gives rise to only a mod-
creases with the creation of misfit dislocations, but then deest, although measurable, increaseRigs.. At higher film
creases with further increases in film thickness due to théhicknesses, the surface morphology is composed of a com-
growing distance between dislocation cores and the film suibination of dislocation-induced surface steps and ridges with
face. Thus, the slope af vst decreases at higher film thick- the ridges dominating the observed crosshatchirsreases.
nesses as shown in Fig. 3. A£3500 A, the ridge aspect w ranges from 15 A at=2300 A (R=22%) to 25 A att
ratio (w/d) decreases sina¥(t), dominated by ridge coales- =3500 A (R=51%) to 27 A at=4400 A (R=78%) while
cence, increases faster that). Rsice: 10 Amin ! att<t,, increases te=60 Amin™* over

Thus, the development of a crosshatch surface morphothe thickness range from 1400 to 4400 A. The large increase
ogy in compressively strained ;Si,Ge /Si(001) layers oc- in RgigeiS associated with a decreasedp due to the rapid
curs via an interactive combination of the two previouslyincrease in step length at film thicknesses betweeal400
proposed mechanisms: slip steps and the growth of selfand 2300 AL, and henc&gjse, then remains approximately
organized periodic ridges. Initially, the formation of misfit constant at higher film thickness€300—4400 A due to the
dislocations at the substrate/layer interface produces asyncompetition between ridge growth and coalescence.
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