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Kinetic processes in the transition from Ag„111… crystallites to „A33A3…R30° domains
for Ag/Si„111…-„737…

J.-K. Zuo
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Kinetic processes in the transition from metastable Ag~111! crystallites to ()3))R30° domains in the
initial growth of Ag on the Si~111!-(737) surface have been investigated using spot profile analysis low-
energy electron diffraction. Upon annealing above 468 K, the number densityM (t) of metastable Ag~111!
crystallites ~deposited atTd;333 K! is found to decrease exponentially with timet. Simultaneously, the
average size of) domains increases asR(t);tx, with the exponentx increasing with initially deposited
coverage and limited to a range of 1/3<x<2/5. A theoretical model for this structural transition is established
to explain these observations, which is based on a kinetic process driven by the step-edge line tension of
terraces in the Ag~111! crystallites. Also, a dissociation energy of an atom from the step edge of a Ag~111!
crystallite is determined to beEdis;1.38 eV. @S0163-1829~97!01932-2#
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I. INTRODUCTION

The growth of metals on semiconductors is an area
continuing interest due to its technological importance. A
Si~111!, one of most studied metal-semiconductor syste
exhibits an abrupt interface with a very stable intermedi
layer of the ()3))R30° structure~hereafter)!.1–18 It is
well known1–4 that, for Ag deposited on the Si~111!-
(737) surface at a temperatureT.468 K, the two-
dimensional ~2D! ) layer forms first, then stable 3D
Ag~111! crystallites or islands will develop atop the) layer,
i.e., following the Stranski-Krastanov growth mode. F
deposition atT,468 K, metastable 3D Ag~111! islands
grow directly on the (737) substrate surface without th
initial ) layer.1–6 These metastable islands, upon anneal
above 468 K, will partially dissolve to form the) structure
until it saturates the surface, and the remaining islands t
become stable due to the Stranski-Krastanov growth me
nism. This indicates that formation of the) structure has an
activation energy which can be overcome atT.468 K.3

However, results of recent experiments revealed that the)
structure can also be formed by deposition of Ag onto
preformed Si~111!-(331)-Ag surface.11 Although this sys-
tem has been extensively investigated from the submo
layer to multilayer ranges, most work has been devoted
the atomic structure and saturation coverage of the)
layer,12–18with little attention paid to kinetic processes in th
structural transition from metastable 3D Ag~111! islands to
the stable) structure upon annealing. Similar phenome
have also been observed for the growth of Au, Ta, Pt,
and Al on Si~111!.1,7 Therefore, a study of kinetic process
in the structural transition for Ag/Si~111! is of general inter-
est.

In this paper, we report our studies on kinetic proces
and the driving force for the decay of metastable 3D Ag~111!
islands and the corresponding growth of) domains, at dif-
560163-1829/97/56~7!/3897~6!/$10.00
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ferent annealing temperatures and coverages, using s
profile-analysis low-energy electron diffraction~SPA-
LEED!. We found that upon annealing above 468 K, t
number densityM (t) of metastable Ag~111! crystallites de-
posited atTd;333 K decreases with timet exponentially,
and meanwhile the average size of) domains increases a
R(t);tx, with the exponentx depending on coverage. Thes
behaviors can be explained by a kinetic process which
driven by the step-edge line tension of Ag~111! crystallites
consisting of multilevel terraces with curved step edges.

II. EXPERIMENTAL

Experiments were performed in an ultrahigh-vacuu
chamber with a base pressure of 5.0310211 Torr. The cham-
ber was equipped with a high-resolution SPA-LEED syste
a double-pass cylindrical mirror analyzer for Auger electr
spectroscopy~AES!, and a 99.9999% pure Ag evaporato
The sample can be heated by a tungsten filament from
backside using either radiation heating or electron bomba
ment ~with a high positive voltage applied to sample!. The
Si~111!-(737) surface was prepared by flashing~using elec-
tron bombardment! the sample to;1250 °C and then slowly
cooling down. After cleaning, no impurities were detect
with AES. From the energy-dependent full width at ha
maximum ~FWHM! of the ~00! beam, the average terrac
width on the clean Si~111!-(737) surface was determined t
be ;1000 Å. Temperature was measured with a W5% R
W6% Re thermocouple attached at an edge of the sam
surface. In the experiments, we first deposited a desired
erage of Ag on the Si~111!-(737) surface atTd;333 K to
form metastable 3D Ag~111! islands, then raised the samp
temperature~using radiation heating! slowly to slightly be-
low ;468 K ~no) structure appears at this point!, and sub-
sequently heated the sample quickly to and held it at a p
determined temperatureT above 468 K. This up-quench
procedure can minimize nonuniform heatin
3897 © 1997 The American Physical Society
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3898 56J.-K. ZUO AND J. F. WENDELKEN
of the Si sample. After the up-quenching, the) domains
evolved, while the Ag~111! islands dissolved. The angula
profile of a) superlattice diffraction beam and a Ag~111!
diffraction beam were recorded with time to extract the
netic features for both the) domain growth and the
Ag~111! island dissolution. Because of its good spat
(0.006 Å21) and time~ms! resolutions, SPA-LEED is par
ticularly suitable for this kind of kinetic study. Three diffe
ent coverages ofu;0.5, 1.0, and 2.5 monolayers~ML ! were
used in the experiments. The coverage was calibrated
determining the break point in a plot of the Ag(MNN)
3(352 eV) or Si(LVV)(92 eV) Auger signals vs depositio
time, and the break point in a similar plot for the total inte
sity of a) diffraction beam, at a deposition temperature
Td5723 K. The three break points coincide in time and we
assigned to be 1.0 ML.3,4,13,15–18The deposition rate wa
thus determined to beF;0.15 ML/min.

III. RESULTS AND DISCUSSIONS

A. Dissolution of metastable 3D Ag„111… islands

We first examine the coverage at which 3D Ag~111! is-
lands start to form at the deposition temperatureTd
5333 K. Figure 1 is a plot of the Auger Si(LVV)(92 eV)
and Ag(MNN)(352 eV) peak-to-peak intensities, and t
square-root of a 1/7-order diffraction peak intensity vs co
erageu at Td5333 K. Initially, the Si Auger signal decrease
and the Ag Auger signal increases linearly, and then both
them vary more slowly beyond a break point atuc
;0.45 ML. The same behavior occurs for the square roo
the 1/7-order diffraction peak intensity which is a measure
the total exposed area of the (737) surface. The initial lin-
ear variations of these intensities imply a growth of 2
Ag~111! islands,1 which is terminated atuc;0.45 ML after
which 3D Ag~111! islands develop. This result is consiste
with that of other published measurements at ro
temperature.1,5,6 Next, we present the kinetic data for th
dissolution of metastable 3D Ag~111! islands upon annealing
above 468 K. In order to obtain sufficient intensity f
Ag~111! diffraction beams, data were acquired for a cov

FIG. 1. A plot of the Auger Ag(MNN)(352 eV) and
Si(LVV)(92 eV) peak-to-peak intensities and the square root o
1/7-order peak intensity, vs coverage at a deposition temperatu
333 K. The solid lines are simply a visual guide.
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age ofu;2.5 ML. After deposition at;333 K, arc-shaped
diffraction spots from rotationally degenerate twin Ag~111!
crystallites were observed along with a weakened (737)
substrate diffraction pattern. Shown in Fig. 2 is a line scan
the diffraction pattern in the vicinity of the (10)Si peak, con-
taining the (10)Ag peak and some 1/7-order substrate pea
The scan is along the radial direction from the specular~00!
peak to the (10)Si peak. One of the rotationally degenera
Ag~111! crystallite types shows the epitaxial orientation
@1̄10#Ag //@1̄10#Si, whereas the other is just rotated 180° abo
the surface normal with respect to the first one. The ar
shape of the Ag~111! diffraction spots implies a small orien
tational distribution of Ag~111! islands. The remaining (7
37) diffraction pattern indicates that Ag~111! crystallites
grow in the form of 3D islands, which leave some residu
(737) substrate exposed and undisturbed atu;2.5 ML.
Figure 3 shows three sets of data for the peak intensity
FWHM of the (10)Ag peak vs annealing timet after up-
quenching to different temperatures. A constant backgro
has been subtracted from the intensity and the FWHM w
measured perpendicular to the arc direction to eliminate
spreading effect due to the small orientational distribution
Ag~111! islands. An incident electron energy,Ei590 eV,
was chosen to be near the in-phase condition for scatte
from different terraces separated by single atomic step
the 3D Ag~111! island. In such a condition, the FWHM i
inversely proportional to the average projected radiusr of
the Ag~111! island onto the surface, i.e.,r}1/FWHM, and
the peak intensity is given by

I ~10!Ag
~ t !}M ~ t !r4, ~1!

whereM (t) is the number density of Ag~111! islands. In Fig.
3 the nearly invariant FWHM with time indicates thatr does
not vary with time, so the decrease ofI (10)Ag

with time must

result from a decrease inM (t) according to Eq.~1!, i.e.,
I (10)Ag

}M (t). The constantr also suggests that Ag atom
dissolve layer by layer starting from the top of an islan
while keeping the projected area of the island almost

a
of

FIG. 2. A line scan of the diffraction pattern in the directio
from the specular~00! peak ~not shown in the left side! to the
(10)Si or (10)Ag peak, where the small peaks are all 1/7-order pe
from the (737) surface. BZ is the Brillouin zone length from th
~00! to (10)Si peaks.
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56 3899KINETIC PROCESSES IN THE TRANSITION FROM . . .
changed~see the schematic in Fig. 4!. The dissociated atom
diffuse downward from the upper island terraces until rea
ing the Si surface to form the) structure surrounding the
island. This process proceeds until the island reduces to
layer thick after which the island collapses. Ultimately,
saturated coverage of the) structure is reached, and re
sidual Ag~111! islands become stable because of
Stranski-Krastanov growth nature. To quantitatively descr
the time dependence ofI (10)Ag

, we can set up a rate equatio

dM/dt52l@M (t)2M (`)#, where M (`) is the residual

FIG. 3. The normalized peak intensity and FWHM of the (10)Ag

beam vs annealing time for up-quench temperatures of;473 K
~circles!, 488 K ~diamonds! and 498 K~triangles!. Open and solid
symbols correspond to the left axis~intensity! and the right axis
~FWHM!, respectively. The solid curves are the least-squares fit
Eq. ~2! to the peak intensities.

FIG. 4. A schematic picture of~a! and the Ag~111! island dis-
tribution and~b! individual Ag~111! island dissolution with the cor-
responding) domain growth on the Si~111!-~737! surface during
annealing.
-
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e
e

stable island density andl is a kinetic coefficient. This equa
tion implies that the decay rate ofM is proportional to the
net unstable island density. Its solution is

I ~10!Ag
}M ~ t !5M ~`!1@M ~0!2M ~`!#exp~2lt !. ~2!

The solid curves in Fig. 3 are the least-squares fits of Eq.~2!
to the peak intensities. The excellent fits givel50.024,
0.086, and 0.158 for up-quench temperatures ofT5473,
488, and 498 K, respectively. A slight deviation from th
data at initial times is due to the fact that at the beginn
every island has a finite thickness and cannot disappear
mediately. If we letl}exp(2El /kBT), the decay energyEl

is determined from an Arrhenius plot to be 1.5360.03 eV.

B. Growth of ) domains

While Ag~111! islands are dissolving upon annealing
discussed above,) domains are evolving. This is observe
by monitoring the~1/3, 1/3! superlattice diffraction beam o
the ) structure. Since the average) domain size isR
}1/FWHM of the ~1/3, 1/3! angular profile, the growth law
for the) domain may be determined experimentally. W
found that a form

R~ t !22R~0!25A~T!t2x, ~3!

can describe our data well, whereA(T) is a temperature-
dependent factor, andR(0) is the initial domain size jus
after up-quenching~after a predetermined up-quench tem
perature is reached, a small) domain surrounding each
Ag~111! island will normally be formed due to a finite
quenching time!. By consideringR(t)}1/FWHM(t), the
data and fits of Eq.~3! are plotted in Figs. 5~a!, 5~b!, and 5~c!
for u;0.5, 1.0, and 2.5 ML, respectively, with each cove
age repeated at different up-quench temperatures. The a
age exponents for each coverage are determined to bex
50.6960.03, 0.7460.03, and 0.7860.03, accordingly,
which increasewith increasing coverage. ForR(t)@R(0)
after a short annealing time, we actually haveR(t);tx with
x;0.35, 0.37, and 0.39, respectively.

In the following we will explain the microscopic origin o
this growth law which sheds light on the decay mechani
of 3D Ag~111! islands. Two conceivable processes might
responsible for the growth behavior. The first one is t
Lifshitz-Slyozov coarsening,19 i.e., the growth is due to mas
transport among existing) domains in which large domain
grow at the expense of small ones. The second one is
attachment of atoms which are dissociated from the Ag~111!
islands, to the perimeter of the) domain surrounding the
Ag~111! island, see Fig. 4. In order to distinguish these tw
processes, we have measured the time dependences o
peak intensityI 1/3 of the ~1/3, 1/3! beam and the peak inten
sity I (10)Ag

of the (10)Ag beam at u;2.5 ML and T

;498 K. As can be seen in Fig. 6, the increase inI 1/3 and the
decrease inI (10)Ag

are almost synchronized, and they lev
off at about the same time. This clearly indicates that
atom supply for the) domain growth is atoms dissociate
from the Ag~111! islands, i.e., the second process describ
above is the dominating process. If the) domain growth
were due to the Lifshitz-Slyozov coarsening, we would e
pect that the growth should continue after the decay

of
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3900 56J.-K. ZUO AND J. F. WENDELKEN
Ag~111! islands has stopped, and also the exponent sh
stay atx51/3 independent of coverage. Now, the remain
question is why the second process will result in a grow
obeying Eq.~3! with x increasing with increasing coverag
We will answer this question in the following.

As observed by scanning electron microscopy2 and scan-
ning tunneling microscopy,6 the Ag~111! island has a quasi

FIG. 5. FWHM of the~1/3, 1/3! beam plotted vs annealing tim
t in a manner consistent with Eq.~3! andR(t)}1/FWHM(t). Three
data sets are shown for~a! u50.5 ML, ~b! u51.0 ML, and~c! u
52.5 ML, with each coverage repeated at different up-quench t
peratures. Solid lines are the least-squares fits of Eq.~3! to the data,
and the slope gives the exponent 2x.
ld

h

hexagonal shape with round corners. So, the island can
viewed as consisting of multilevel terraces separated
single atomic steps with curved step edges, see Fig. 4.
step free energy can be written in the Gibbs-Thomson fo
m5m01s/r ,20 wherem0 is the straight step free energy,s
is the step-edge line tension, andr is the effective terrace
radius. In order to lower the step free energy, atoms will
driven to migrate from an upper-terrace edge with a sma
radius to a lower-terrace edge with a larger radius, formin
downhill current. After reaching a steady downhill curre
which balances the loss due to dissociation at each ter
level, the radii of the lower terraces remain constant. Dis
ciation from the topmost terrace is not balanced by a
source of atoms, therefore, the Ag~111! islands dissolve in a
layer-by-layer fashion. This picture is consistent with the d
cay data of Ag~111! islands as discussed above. Assume t
N terraces have disappeared in timet after the up-quench
According to the mass conservation law, we have that
sum of areas of the vanished terraces of a Ag~111! island
equals the expanded area of the surrounding) domain, i.e.,

p@R~ t !22R~0!2#5cp(
i 51

N

r i
2'cpE

0

r N~ t !
r 2dz

5cpE
0

r N~ t !
r 2~rdr /R!5

cp

4R
r N~ t !4,

~4!

wherec is a geometric factor due to the difference betwe
the ) and ~111! structures and the integration is a goo
approximation for the summation whenN@1. Also, for N
@1 we have assumed that the initial shape of the
Ag~111! island is a part of a sphere with radiusR, so that
z;r 2/2R for r !R in a cylindrical coordinate system with
the origin set at the initial top of the sphere and thez axis
pointing downward. Now, we will findr N(t) as a function of
the total elapsed timet. Villain has shown21 that the time
spent for a top terrace of radiusr i to disappear ist i

5r i
3/Ks, whereK;(1/T)exp(2E/kBT) is a kinetic coeffi-

cient withE being a characteristic energy which will be di

-

FIG. 6. Peak intensities of the (10)Ag beam and~1/3, 1/3! beam
are plotted vs annealing timet to display the simultaneous varia
tions for the decay of Ag~111! islands and the growth of) do-
mains.
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56 3901KINETIC PROCESSES IN THE TRANSITION FROM . . .
cussed in more detail later. Thus, the total elapsed timt
after the up-quench forN terraces to disappear is

t5(
i 51

N

ti5
1

Ks (
i 51

N

r i
3'

1

Ks E
0

r N~ t !
r 3dz

5
1

Ks E
0

r N~ t !
r 3~rdr /R!5

1

5KsR
r N~ t !5. ~5!

This relation is similar to one obtained by Uwaha22 with a
different prefactor. We will now discuss two extreme cas
For the first case, if the initial Ag~111! island is only one
layer thick as in our case ofu;0.5 ML, N51 in Eqs.~4!
and ~5!. In this case we just need to take the first term
these summations and obtain Eq.~3! with x51/3. The sec-
ond case,N@1, occurs if the initial Ag~111! island is thick.
In this case we take the results after integration in Eqs.~4!
and ~5!, and then combine them to obtain Eq.~3! with x
52/5. No matter which case, the temperature-dependent
tor A(T) in Eq. ~3! can be expressed as

A~T!}
1

T2x exp~22xE/kBT!. ~6!

In our experiments with the coverages used, the thicknes
the Ag~111! islands ranges between these two extreme ca
and hence an exponent of 1/3<x<2/5 is expected, which
increases with increasing coverage or thickness. This is
actly what we have observed here, i.e.,x;0.35, 0.37, and
0.39 foru;0.5, 1.0, and 2.5 ML, respectively.

Finally, we determine the characteristic energyE in Eq.
~6! using the values ofA(T) obtained in the data fits show
in Fig. 5. In the decay process of 3D Ag~111! islands, the
possible controlling energies are the dissociation energyEdis
of an atom from the terrace edge, the diffusion barrierEdif on
terraces and the step-edge barrierEs which resists step-down
diffusion. Thus we haveE5Edis1Edif1Es . Shown in Fig. 7
is an Arrhenius plot for the data ofu;1 ML and the fit of
Eq. ~6! with 2x;0.74. From the slope we obtainedE
51.9360.08 eV. The diffusion barrier has been determin
to beEdif;0.40 eV by measuring the spreading of a patch
Ag~111! island on the Si~111!-
(737) surface at 650,T,750 K.3 The step-edge barrier fo
Ag/Ag~111! is measured to beEs;0.15 eV at room
temperature23 and ;0.12 eV atT,150 K.24 Therefore, the
ys

er
.

c-
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s,
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d
d

average dissociation energy from step edge may be estim
to beEdis;1.38 eV if we takeEs;0.15 eV.

IV. SUMMARY

Using SPA-LEED, we have studied kinetic processes
the transition from metastable Ag~111! crystallites to) do-
mains in the initial growth of Ag on the Si~111!-~737! sur-
face. We found that upon annealing above 468 K, the den
M (t) of metastable Ag~111! crystallites ~deposited atTd
;333 K! decreases with timet exponentially. At the same
time, the average size of) domains increases asR(t);tx,
with the exponentx increasing with coverage and limited t
a range of 1/3<x<2/5. These observations have been e
plained by establishing a theoretical model based on a kin
process which is driven by the step-edge line tension of m
tilevel terraces in vanishing Ag~111! crystallites. Also, we
have obtained a dissociation energy of an atom from the
edge of Ag~111! crystallites to beEdis;1.38 eV.
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FIG. 7. An Arrhenius plot of ln@T2xA(T)# vs 1/T allows determi-
nation of the characteristic energyE for the data ofu;1 ML ac-
cording to Eq.~6! with 2x;0.74. The values ofA(T) are obtained
from the data fits shown in Fig. 5~b!.
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