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Surface mass transport and island nucleation during growth of Ge on laser textured $001)
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Substrates with controlled surface morphologies are used to quantify the kinetics of surface mass transport
during Stranski-Krastanov growth of epitaxial nanostructures. Morphologies are modified by laser texturing;
tightly focused nanosecond laser pulses are used to produce micron-scale dimples on the surf@64d)of Si
substrates. The areal densities of three-dimensional Ge islands formed by chemical vapor deposition on these
modified substrates is measured by atomic force microscopy for a wide range of Ge cov8ratfedvil),
temperatures (560T<700 °Q, and deposition rates (0.06%<0.3 ML s ). Island nucleation is en-
hanced at the vicinal surfaces surrounding the rim of the laser dimples, and, as a consequence, a denuded zone
with a reduced island density surrounds each dimple. The width of the denuded zone can be as large as 50
times the island spacing and is created by extensive mass transport during the formation of the wetting layer.
Mass transport is driven by chemical-potential gradients associated with the wetting-layer thickness, substrate
vicinality, and the elastic relaxation of three-dimensional islands. We find excellent agreement between the data
and a one-dimensional model calculation of diffusion and nucleation; the fit to the model gives a transport rate
of Dny~1.5x10°s ! at 600 °C and an activation ener§y+E,,~1.3 eV.
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[. INTRODUCTION layer underlies most of the other detailed mechanisms of
island nucleation, shape transitions, and subsequent coarsen-
Deposition of Ge on clean &01) surfaces follows the ing in S-K growth, quantitative measurements of the kinetics
Stranski-KrastanoWS-K) growth mode: three-dimensional present many difficulties. Traditional methods of measuring
(3D) islands form beyond a critical wetting layer thickness of surface mass transport using the decay of periodic morpholo-
~four equivalent monolayeréeq ML) [1 eq ML Si(001) gies are not applicable because the wetting layer is only a
=6.78< 10" cm?]. The driving force for island formation few monolayers thick. Low-energy electron microscopy
is the misfit strain caused by a 4.2% difference in the lattic§ LEEM) is a powerful method for measuring step mobilities
constants of Ge and Si. At the cost of increased surface eiput the step density on the wetting layer is high and indi-
ergy, 3D islands reduce strain energy by elastic deformationidual steps cannot be resolved in a typical LEEM experi-
of the island and substrate. Beginning with the realizatiorment. In homoepitaxial growth and heteroepitaxy without a
more than ten years afthat islands formed in S-K growth wetting layer(the Volmer-Weber growth modekinetics of
can be coherent with the substrate, S-K growth has beesurface transport can sometimes be deduced from measure-
under intense investigation because of fundamental interestents of island densitiésbut the validity of this approach
in this method of synthesizing epitaxial nanostructures andor analyzing S-K growth is unclear: thermal fluctuations of
excitement over possible applications in microelectronics. the thickness of the wetting layer are possibly more impor-
Future applications may demand a narrow distribution oftant in determining nucleation rates than the supersaturation
island sizes and a regular arrangement of the islands on the adatom density created by the growth flux.
surface; therefore, many studies have examined the mecha- The difficulty of using island densities for deducing mass
nisms that control the island size, size distribufidrareal  transport is further illustrated in Fig. 1 where we plot our
density* and in-plane ordering. Even in the simplest case ofdata for Gé001)/Si growth at a fixed coverage of 7 eq ML as
homogeneous nucleation on unpatterned substrates, the spadunction of growth rate and temperature. Clearly, the island
trum of thermodynamic and kinetic factors that controls is-densities do not show the smooth dependence on temperature
landing is exceedingly complex and probably system speand flux predicted by rate equation models or classical nucle-
cific. For example, in the Ge/®01) system, nucleation ation theory; a large critical nucleus can be expected based
barriers produced by surface energy anisotropy inhibit then the relatively small formation energy of surface
continuous evolution of island shapes and produce the strikad-dimer$® and, therefore, the island density should increase
ing bimodal size distribution of so-called “pyramid”- and linearly with the growth rate. Transitions in island shapes are
“dome”-shaped island4>°>® Heterogeneous nucleation on probably at least partially responsible for the complicated
substrates patterned by lithography or by naturally occurrindgpehavior shown in Fig. 1. At 500 °C, rectangular huts ini-
growth processes adds even greater compléxity. tially dominate and then transform into more stable square-
Although mass transport on the surface of the wettingbased pyramids with increasing Ge coverage. At 550 °C, the
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Il. EXPERIMENTAL DETAILS

We usep-type Si(001) substrates with a resistivity of
1 Q cm. Our process for modifying the substrate morphol-
ogy by laser texturinf uses single pulses of a passively
Q-switched and frequency doublé€s32 nm neodymium yt-
trium aluminum garnet laser. We create relatively small and
deep laser dimples by tightly focusing the laser pulse to a
1/e? diameter of~2.6 um with a peak energy density of
~1.1 Jem2. Laser dimples form because radial tempera-
ture gradients in the melt zone produce surface-tension gra-

dients that drive fluid away from the center of the nfélt.
Subsequent inspection by plan-view transmission electron
micrography shows that the laser dimples are free of dislo-
cations and planar defects. Texturing is done in air prior to
cleaning and loading the substrates into the deposition
chamber.

FIG. 1. Sum of dome and pyramid island densities as a function The textured substrates are degreased by successive rinses
of growth rate and substrate temperature: 500$@liares 550 °C ~ in organic solvents and four wet chemical oxidation/etch
(circles, 600 °C (down triangley and 700 °C(up triangley. The  cycles. The substrates are then dried and exposed to UV
total Ge coverage is fixed at7 eq ML. Data of Sullivaret al, radiation from a low-pressure Hg lamp to form an Siaas-

Ref. 4, for growth at 712 °Gcrossey by low-pressure chemical sivation layer. Immediately prior to loading the substrates
vapor deposition are included for comparison together with theirinto the deposition chamber, they are etched again for 30 sec
power-law fit for the fluxI” dependence of the island density. in dilute (1%) HF, dried, and exposed to UV radiation for 30
min. Cleaning within the vacuum chambers consists of de-

island distribution is bimodal consisting of pyramids and fac-92SSing the substrate and holder for 4 h at 600 °C and re-

eted domes and at 600 °C, multifaceted domes dominate tHgoval of the oxide by several rapid temperature excursions
distribution except for higher growth rates, where pyramids® 11150 *C for a few seconds with a heating rate of 100 °C
. During the high-temperature flashes, the dimple shape

are also present. Furthermore, intermixing of the depositeﬁ . 22, .
Ge with the Si substraté® becomes important at higher changes because of rapid step mofiGAlthough our experi-
temperature and the lowest growth rates mental results are only weakly dependent on the dimple
e e . shape, the flashing procedure is identical for each sample.
The terms “diffusion length,” “diffusivity,” and “migra-

tion lenath” I din di . f ‘ We use gas-source molecular beam epitaxy to deposit Si
lon length™ aré commonly USed In GISCUSSIONS Of SUMace, g e o the laser textured surfaces; our ultrahigh-vacuum

kinetics but the definitions of these terms are often unclealyaosition and analysis system is described in detail in Ref.
In this work, we use “diffusivity” D to describe the random 53 precursor gases are delivered through individual tubular
walk of the surface defectlthat dominates t.he.mass transpoiosers located 3 cm from the substrate at an angle of 45°.
For the G€001) surface, this surface defect is likely to be the pigermane and disiliane precursors traverse the small dis-
ad-dimer. The rms displacement of the ad-dimer during ityance from the doser to the sample ballistically; hence, the
lifetime 7 as a surface defect is the migration lendth  terminology “gas-source molecular beam epitaxy” is often
= 4D 7. We define the diffusion length, as the distance used to describe this growth process. We heat the sample by
over which the wetting-layer thickness can respond to gradiec current and calibrate the substrate temperature as a func-
ents in the surface chemical potential during an experimentalon of the heating current using a test substrate equipped
time scaleAt. As we discuss in more detail beloi,y;  with a bonded thermocouple. The temperature calibration
=\4oDnyAt, wheren, is the equilibrium density of ad- was cross checked with two infrared pyrometers. By accu-
dimers, ando is the area of a dimer. Because the productrately cutting the samples to a standard width, we are able to
Dn, has units of inverse time, we refer to this fundamentalachieve good reproducibility of the substrate temperature,
property of the surface as the “transport rate.” +5 °C.

Previous discussions of wetting-layer mass trans- Each experiment begins with the growth of a Si buffer
portt®2%134have reached widely varying conclusions on thelayer at a substrate temperature of 800 °C from a undiluted
values ofl,, or L4. To gain insight, we modify the morphol- disilane flux of 2.2¢10'® cm™2s™1. The growth time is 30
ogy of S{001) substrates using laser texturing; these changesec, resulting in a 11 nm thick buffer lay&rAfter the disi-
in surface morphology drive mass transport during the forlane source is turned off, the substrate temperature is held at
mation of the wetting layer. Thinning of the wetting layer is 800 °C for 45 sec, rapidly lowered to the growth temperature
revealed by a denuded zone in the island density surrounding.00 °Cs '), and held for 15 sec before the digermane flux
the laser dimples. Using a simple one-dimensional model of14.2 vol % GgHg in He) is initiated. Immediately after Ge
diffusion and nucleation, we analyze measurements of thdeposition at 50&T<700 °C, the sample heater is turned
width of the denuded zone as a function of flux and temperaeff and the sample cools rapidly <200 °C.
ture and thereby quantify the transport réxa,. Since the Ge growth temperatures are well above the
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FIG. 2. Average Ge growth rai&e coverage measured by Ru- -
therford backscattering spectroscopy divided by deposition)time x (um)
after deposition of=7 eq ML of Ge as a function of buffer volume
pressure for substrate temperature of 600(filled circles. The FIG. 3. High-pass filtered AFM image of a 260 nm deep laser
dashed line fit is the linear dependence expected for a constafimple after deposition of 6.8 eq ML of Ge at 600 °C and a growth
sticking coefficient. Data for 500 °Qopen square 550 °C (open  rate of 11.4 eq ML min*. The area of the image is>65 um?.
up triangld, and 700 °C(open down triangleare shown for a  The plot at the bottom of the figure shows a line scan of the surface
buffer volume pressure of 50 mTorr; all four data points at 50 mTorrheight through the center of the dimple.
overlap, demonstrating that the growth rate is also independent of ) .
temperature for 508T<700 °C. The scale of the top axis Areal atomic densities of Ge are measured by Rutherford
is approximate. backscattering spectroscopiRBS) using 2 MeV Hé€ ions

incident at 22.5 ° to the sample normal and a scattering angle

monohydride desorption temperatures, 290°-340 °C fopf 150°. Backscattering spectra are analyzed USIMNRA
Ge&001),%>?8the deposition rate should increase linearly with softwaré’ and stopping-power data of Ziegfér.
the digermane flux. To verify this assumption, we grew a set

ok
—_
o
-
N

of samples at a substrate temperature of 600 °C and varied Ill. EXPERIMENTAL RESULTS

the digermane flux by changing the pressyreof the A Nucleation on vicinal surfaces
constant-pressure reservoir, 0.5 mFop<<200 mTorr, cor- '

responding to a digermane fluk of 2x102 cm 2 s! Figure 3 shows a typical’85 um? AFM image of a laser

<I'<10" cm ?s 1. In addition, we examined the tem- dimple after deposition of 6.8 eq ML of Ge at 600 °C and a
perature dependence of the growth rate at fixed flux. Figure growth rate of 11.4 eq ML mint. The image is highpass-
shows the average growth rate as a function of reservoiiiltered to visualize the locations of islands on the curved
pressure for these two sets of experiments. Over the entigurfaces of the laser dimple. A bimodal size distribution
range of our growth parameters, the average digermani®rms at this high growth rate: 40 nm wide square-based
sticking coefficient is constang~0.05, in agreement with a pyramids coexist with 70 nm diameter domes. Far from the
previous analysis of SiGe growth kinetisSimilar experi-  dimple, the island densities are uniform, 7om~2 for
ments for the coverage versus deposition tifdata not domes and 50um™?2 for pyramids.
shown reveal that the sticking coefficient during growth of ~ The morphology of the laser dimple alters the island dis-
the first monolayer is significantly larger than for subsequentribution in several ways(i) the island density on the outer
monolayers. The sticking coefficient of digermane on clearrim of the dimple is greatly enhanced compared to the un-
Si(001) was previously determiné8ito be S~0.28. modified surface(ii) island nucleation is suppressed on the
Island distributions are analyzed with atomic force mi- (001 oriented regions at the bottom of the dimple and along
croscopy(AFM) in tapping mode. AFM provides accurate the top of the rimiii) large dislocated islands form inside
island height and densities but—because of the finite sizéhe rim of the dimple along th€110 directions, andiv)
and the unknown shape of the probe tip—measurements dafside the rim along thé001) directions, nucleation is sup-
island diameters are often unreliable. We therefore supplesressed. Although the island density is enhanced on the outer
ment the AFM data with scanning electron microscopyrim of the laser dimple, the island size distribution on the rim
(SEM). In agreement with the work of Kamirat al,’® we is the same as the distribution on the unmodified surface.
find that the diameters of dome-shaped islands measured by Growth experiments at lower Ge coverag@mata not
AFM appear~30 nm larger than the measured by SEM. showr) reveal that islanding occurs first on the inside of the
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FIG. 4. Highpass-filtered AFM image, 220 um?, of a row of g i v o** 0.5 i

270 nm deep laser dimples after a Ge coverage of 7 eq ML, depos- < 10F e F <

ited at 600 °C and a growth rate of 0.4 ML mih The denuded 3 3 / o 0.05

zone in the island density is several microns wide. § [ ¢ / ', ed 1

. - o . . o [ I 4 ]

dimple; the initial nucleation sites are vicinal surfaces tilted E 1L 4 r

by 12°+2° with respect to th€¢001) orientation of the sub- © i . 3

strate. At higher coverages, large dislocated islands often ap- [ ] / ]

pear at these sites, e.g., the fdd0) oriented regions in the PV PRI BT YT BT
center of the dimple in Fig. 3. 0.1 1 10 100

distance from rim (um)
B. Denuded zone

. . . . . FIG. 5. Densities of dome-shaped islands as a function of lateral

der\:\slir;;nor??hles Sﬁﬁ%sétiﬁg da;S:?ar]céarsesréZﬁieZI%h30,ntlr;/ ealsrlg:_glstance from the outer rim of the laser dimples for different growth
. . . . rates. (@) Growth temperaturel =600 °C; (b) T=550 °C. Each

row region surrounding the rim of the dlmp_le. Atlow gr_owth urve is labeled by the Ge growth rate in equivalent monolayers per
rates, this denuded zone expands dramatically, see Fig. 4. nute.
improve counting statistics for the island densities, we ar-
range the laser dimples in a row. For the example shown igimples, the island density does not drop completely to zero
Fig. 4, the~4 um diameter dimples are aligned along a near the dimple but the overall extent of the region with a
(110 direction with a center-to-center spacing of 2.Z8n.  suppressed island density remains constant. But even for
The growth rate for this surface, 0.4 MLmih is ~25  dimples only~3 nm deep, a region of suppressed island
times smaller than for the surface shown in Fig. 3. density is still visible.

We again observe enhanced nucleation on the outer rim of In Fig. 5 we summarize measurements of the local island
the dimples and large dislocated islands inside the dimplegiensity in the vicinity of the laser dimples for several growth
The island distribution on the unmodified surface is domi-rates and two growth temperatures. The Ge coverage for
nated by multifaceted domes with a narrow range of sizesgach of these eight experiments is between 6 and 7 eq ML.
the average dome is 67 nm in diameter and 17 nm tall. NaVe concentrate on the density of dome-shaped islands to
pyramids are observed at this growth rate and coverage. fAhake the comparisons more quantitative; the relative varia-
small number of dislocated islands also appear on the urtions in the densities of pyramids are similar but the domes
modified surface; the areal density of these so-called “superare more accurately resolved in the AFM images. Island den-
domes” is 0.2 um™2. But the most dramatic difference be- sities in regions far from the laser dimples increase mono-
tween the morphologies shown in Figs. 3 and 4 is the larggonically with growth rate, see also Fig. 1. Increasing the
denuded zone on the unmodified surface adjacent to the rogrowth rate shrinks the overall extent of the denuded zone
of dimples. Only a few islands have nucleated withindn  and the width of the region where the island density is com-
of the laser dimples and suppression of the island densitpletely suppressed.
extends to 12um from the dimple edges. To further probe the mechanisms responsible for the de-

All of the data reported in this work were collected on nuded zone, we examine changes in the denuded zone cre-
samples with laser dimples that ax260 nm deep but we ated by postgrowth annealing. In these experiments, we de-
also examined how the denuded zone varies with the dimplposit Ge at 600 °C using a growth rate of 2 eq ML min
depth. For depths between 100 and 300 nm, the experimentAfter 3 min of growth(6 eq ML), we anneal the samples in
results are independent of the dimple depth. For shallowethe deposition chamber at 600 °C for between 0 and 30 min
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distance from the outer rim of the laser dimples for four different
annealing times at 600 °C. The growth parametersTar&00 °C, FIG. 7. Island distribution as a function of position for 2 min
growth rate 2 eq ML m_iﬁl' and coverage 6 eq ML. Although rip-  (gpen circles, 4.5 eq ML Geand 10 min(solid squares, 19 eq ML
ening is significant during a 30 min anneal, the extent of the deGe) growths atT=600 °C. The top and bottom of the figure in-
nuded zone is unchanged. clude sections of the corresponding AFM images that were used to
calculate the island densities. The images are highpass-filtered.
and analyze the island densities as before, see Fig. 6.
Samples annealed for one and three minutes are identical igmonstrate that the denuded zone narrows by only a small
the as-grown sample within the accuracy of the measureamount when the coverage is changed by a factor bf
ment. The sample annealed for 10 min shows a slightly
smaller island density far from the dimple and an increase in
the island density close to the dimple. With a 30 min anneal,
ten times the growth time, the island density far from the
dimple decreases by a factor of 2 but the overall extent of the Ve developed a one-dimensional model of mass transport
denuded zone remains5 wm. and island nucl_eat|on to m(_)glel the width of the denuded
On the surface of the sample annealed for 30 min, domeZONe as a function of deposition rate, temperature, and cov-
shaped islands coexist with a broad size distribution of pyra?rage' Wwe assume that the deposmo!’l flux produces only a
mids. Ring-shaped depressionsl nm deep, are also ob- small perturbatlo_n on the areal_ density of surface defects,
served. Some of these rings surround a single small pyrar,ni&)resumably ad-dimers, responsible for mass transport on the

Because the diameter of the rings is equal to the diameter osfl"lrfaCe of the wetting layér. Therefore, the areal density

the initial dome-shaped islands—and because the sum of thoef Ge ad-dimers follows the diffusion equation

areal densities of rings and the remaining domes is the same
as the dome density of the as-grown sample—we conclude
that the rings are the remnants of domes that have disap-
peared during the ripening procéss.

Finally, we discuss samples prepared with different GavhereD is the diffusivity of an ad-dimex is the volume of
coverages to study the denuded zone at different stages Bte ad-dimerh is the wetting-layer thickness, arfdis the
growth. At 600 °C and a growth rate of 2 eq ML mih formapon re}te qf ad—d|mers cre.ated by the er03|t|on flux.
samples were grown for 2, 3, 4, and 10 min. Although the This parpal dn‘ferennal equation fan andh is coupled to
islands size distribution evolves from a mixture of pyramids@" algebraic expression relatingand h because we assume
and domes(2 min) to pure domes3 min) and then to a that the Ioc_al density o_f ad-dlme_rsls controlled_ by local
mixture of domes and a small number of superdorfies differences in the chgmlcal pote.ntm]u of the wetting layer.
min), the extent of the denuded zone is the same in all thregersoff® used empirical potentials to calculate the surface
cases. Only for the highest Ge coverage can we detect @'€r9y per atom for Ge wetting layers as afunptlon of thick-
small change in the characteristics of the denuded zone, s&€SS- Daruka and Baradid suggest an approximate expo-
Fig. 7. At a coverage of 19 eq ML, 10% of islands are dis_ngntlal form for the change in the chemical potential with
located superdomes with an average height and diameter 8fickness
50 and 200 nm, respectively. The superdomes show the same
decrease in island densities as the domes. The data in Fig. 7

IV. ONE-DIMENSIONAL MODEL OF DIFFUSION
AND NUCLEATION

1 ¢h

2, = 9
DV?2n a3 F, 1

Ap=—¢exp(—hlhy), 2
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where ¢ and h, are parameters that describe the wetting T T T T
force€%3° between Ge and Si that decay with wetting-layer 5 4ra
thickness. By fitting Tersoff's resuft$ (plotted as square =3 3 4ML |
symbols in Fig. 3 of Ref. 29 we estimate)=0.1 eV and §
ho=a wherea is the thickness of one Ge layer for the ad- _g 5L i
dimer. We multiply Tersoff’s calculation by a factor of 2 to = I I | I
make ourA u appropriate for ad-dimers. 8 af lID) ' ' ' -
The local density of ad-dimerns is & i .
n=noexd Au/(ksT)], ) g | :
2 -
where n, is the ad-dimer density of a thick and coherent -~ } | | }
wetting layer. We then rewrite E@L) in dimensionless form, Z 5t c) . _
c
o
Ap\ d(hla)  oF k< * ¢ @
2 = o 4F oo
v ex"( kBT) J(tDng) DNy’ @ g *
5 oF** 4
and note that the evolution of the wetting-layer thickness e 2 . | | :
a function of the transport raten, and notD or n, inde- E 0 5 4 6

pendently;o is the area per ad-dimew;=(}/a.
Nucleation is treated in our model by assuming that each X (um)

surface site has a nucleation ratéhat depends only on the FIG. 8. Output from the 1D model of Sec. IV for growth at 600

chal thicknegs of the wetting Iayda't By analogy with clas- o~ andE=1.2 ML min~L; (a) wetting-layer thicknessh after

sical nucleation theory of crystallization of an undercooleddepositiOn of 4 eq ML{b) wetting-layer thickness after deposition

melt, of 6 eq ML; (c) time at which each that island nucleates measured
in units of the time required to deposit 1 eq ML. The minimum in

r=roexg —é&/(h—he)], ) the chemical potential of the substrate isxat0, see Eq(6).

whererg and § are parameters that we vary to give islandwe are unaware of any estimates of how the chemical poten-
separations in agreement with experiment, Bt the criti-  tjal of the wetting layer varies with substrate orientation but,
cal wetting-layer thickness for the formation of three-fortunately, the simulation is relatively insensitive to our
dimensional islands; experimefts”suggesh.~4a. When  choice of y and we fix y=$=0.1 eV. The simulatioris

an island nucleates, we create a new boundary condition ogensitive tax,: while a more rigorous calculation might suc-
Eqg. (4) that maintains the wetting-layer thicknesshat3a  ceed in relatingg, to the geometry of the rim of the laser

in the vicinity of the island. Thus, since<h., an island  dimple, we currently treat, as a free parameter. We expect,
suppresses further nucleation in its immediate neighborhooghowever, that 2, should be comparable to the distance from
This value forh; is suggested by analysis of the mass bal-the top of the rim of the laser dimple to the outer edge of the
ance between wetting layer and islands in annealingaser dimple,~1 wm, see Fig. 3. The simulation proceeds
eXperimentg.Although we have not extensively explored the by numerica”y integrating the diffusion equation, H@‘)-
behavior of this nucleation model as a function of the paramrandomly creating islands using E¢p), maintaining the
eters, the island density per unit length is mostly controlledooundary conditionh=h, near islands, and updating the
by VF/(Dno) and is remarkably insensitive to the choices of chemical potentiah i according to Eq(6).

ro, & andh;. We find that wherDny is adjusted to fit the To constrain the temperature dependence of the transport
experimental measurements of the widths of the denudeghteDn,, we assume thddn, is thermally activated with an
zones, the island densities are fit b§=2a and r,  activation energy equal to the sum of the ad-dimer formation

=100 st and migration energiess,,+ E; :
Finally, we must incorporate the properties of the rim of
the laser dimples. In our first attempts, we modeled the rim E+E;
of the laser dimple by creating a region in the center of our Dno= vex;{ - keT |’ (7

one-dimensional simulation cell with a lower valuelgfin
Eqg. (5); this method of forcing early nucleation creates awhere v is a microscopic attempt frequency that we fix at
denuded zone but gives poor agreement with the flux depersx 102 s~1. We fit the eight experimental results shown in
dence of the data. Instead, we found that adding a secorfg. 5 by varying the two important parametefs{(+ E;)
term to Eq.(2) gave much better agreement with experimentandx, and findg,,+ E;=1.3 eV andx,=800 nm.

We create a Gaussian-shaped region at the center of our one- An example of the output of the calculation is shown in
dimensional simulation cell with a lowered chemical Fig. 8 for growth at 600 °C and a growth rate of

potential, 1.2 MLmin !, Figure §a) shows the wetting-layer thick-
ness after 200 s of growth; i.e., a deposition of 4 eq ML.
Au=—pexp(—h/hg) — x exd — (x/Xg)?]. (6) Because of diffusion driven by the chemical-potential gradi-
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LA A =15x10°s ! andF=5x10" cm 2s ! Thus, at least at

10 a) v < low growth rates, the width of the denuded zone is deter-
. ° \ T - 600°C mined by the diffusion lengtlw~L4, with At controlled by
g \. ] the time of early nucleation on the dimple. At high growth
ZC,’ \v rates, w falls off more quickly thanF~*? because the
S . chemical-potential gradient created by the dimple morphol-
3 1F e ogy becomes less effective in depleting the wetting layer in
k= i \ 3 the surrounding region; i.e., the time difference between
o I o hd ] nucleation on the dimple rim and nucleation on the surfaces
o T =550°C v

far from the dimple decreases rapidly with increasinhg
}: - —— - HHH—— Unfortunately, we cannot determine the prefactoand
b) the activation energyH,,+ E;) of Eq. (7) independently be-

10F E cause the useful temperature range for our experiments is
£ i oV T = 600°C ] limited. At T<500 °C a measurable denuded zone exists
E \h ] only for very low growth rates, on the order of monolayers
o \o Ny | per hour, where possible contamination from the background
Q pressures of water vapor, CO and hydrocarbons creates un-
3 1E 3 certainty in the reliability of the data. Surprisingly, the de-
k] : nuded zone is also absent for growthrat 700 °C(data not
§ T - 550°C . shown); intermixing of the Ge wetting layer with the Si sub-
- v ] strate becomes pronounced at these temperatures and, appar-
NN BTN I ently, this alloying disrupts the driving force for early nucle-
10" 10™ 10™ ation on the rim of the laser dimples.

growth rate (cm®s™)

FIG. 9. Width of the denuded zone as a function of growth VI. CONCLUSIONS

rate for 550 °C and 600 °C frorfe) experiment andb) the 1D Our simple one-dimensional model of mass transport and
model of section IV. The growth rate is given in units of the flux of ;|5nq nucleation captures the essential physics of how the
Ge atoms. denuded zone varies with flux and temperature. While the

) ) ) ] model has many parameters, the results are sensitive to only
ent in the regionx~xo, the wetting layer grows more rapidly the transport rat®n, and the size of the regior, that
nearx=0 and depletes the wetting layer in the surroundingmodels the chemical potential gradient created by the mor-
areas, 1.5 x<4 um. Nearx=0, the wetting-layer thick- ynojogy of the laser dimple. By adjusting these two param-
ness surpassel=4a after deposition of only=2 eqML,  eters to fit eight experiments at 550 °C and 600 °C, we de-
islands have nucleated, and therefore the wetting layer thicksmine Dny~1.5x10° s ! at 600 °C. Assuming that the
ness is reduced tb~3a. With continued deposition, see transport rate is thermally activate®n,=» exp(—E/kgT)

Figs. 8b) and E{c_), new islands nl_JcIeate .only in the region with »=5x10"2s"1, the activation energy of the transport
x>3.5 um, leaving a~3 um wide region that is com- | 5ia iSE=E,+E;=1.3 eV.

pletely free of islands. Our experimental approach—manipulation of island den-
sities through subtle changes in substrate morphology—
V. DISCUSSION should be generally applicable to other S-K growth systems

) ) ) ) as long as the chemical potential of the wetting-layer de-
The one-dimensional model described in Sec. IV successsends on surface orientation. Quantitative measurements of
fully reproduces all of the important behavior seen in theihe \yetting layer transport rain, will provide needed con-
experiments. A summary is given in Fig. 9. For the experi-gyaints on theory and facilitate the design of experiments
mental data, we define the width of the denuded 20M8  giracted at understanding and controlling the growth of epi-

the distance between the edge of the laser dimple and thg,ia| nanostructures using the Stranski-Krastanov growth
point at which the island density falls by a factor of 1/2 ,54e.

relative to the island density far from the dimple. In the 1D
model, the spatial dependence of the island densities is dif-
ficult to measure with good statistics; therefore, we define
as the width of the region that is completely free of islands.

At low growth ratesF, the calculations approach the scal-  This work was supported by National Science Foundation
ing wecF ~ 12 expected ifw is controlled by diffusive trans- Grant No. DMR-9705440 and the U.S. Department of En-
port during a time scaleAtx1/F. In fact, using At  ergy, Division of Materials Sciences, under Award No.
=2(oF) ! (the time difference between nucleation on the DEFG02-91ER45439. Sample characterizations by AFM,
dimple and nucleation on the surfaces far from the dimple SEM, and RBS took place at the facilities of the Center for
gives a diffusion lengthLy=8Dng/F~5 um for Dng Microanalysis of Materials at the University of Illinois.
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