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In situ TEM evaluation of the growth kinetics of Au particles on highly oriented pyrolithic
graphite at elevated temperatures

R. Anton and P. Kreutzer
Institut für Angewandte Physik und Zentrum fu¨r Mikrostrukturforschung, Universita¨t Hamburg, Jungiusstraße 11,

D-20355 Hamburg, Germany
~Received 21 July 1999; revised manuscript received 6 January 2000!

Gold particles were vapor deposited onto thin substrates of highly oriented graphite at temperatures from
250 to 350 °C inside a transmission electron microscope. The growth kinetics of individual particles were
recorded in real time. Mostly well faceted, flat crystallites grew in epitaxial orientation with~111! faces on top.
On substrate areas with low-defect density, particle numbers were in the range of some 109/cm2, independent
of temperature. In highly defective areas, densities were up to 1011/cm2. Condensation coefficients were
measured in both areas by quantitative x-ray analysis as below 0.01, and around 0.1, respectively, during the
early stages of growth. Particle shapes mostly stayed constant during growth, while the projected areas were
found to increase in proportion to deposition time. Capture rates of adatoms were determined quantitatively,
and compared with calculations on the basis of a diffusion model, leading to a mean adatom diffusion length
before desorption of 5.862.4 nm on defect free highly oriented pyrolytic graphite at 350 °C. This value
corresponds to a difference of the atomic energies of adsorption and diffusion (Ea2Ed)50.3960.04 eV.
b
m
e
a
s
v

e
th

t
ffu
te

o

f
li-

st
s,
ll

r
te
,

ce
o

f t

ere

ave
,
ove
er-
va-
ec-

gas

r-
ticle

TV
lec-
the
low

an
ate
rti-

irra-

her

of
s-
, in

al

stly
I. INTRODUCTION

The kinetics of nucleation and growth of particles on su
strates has often been investigated in the past with the ai
obtain more insight in the adatom energetics. Statistical m
surements of the rates of particle nucleation and growth m
be analyzed on the basis of rate equations for the densitie
monomers and clusters. Adequate theories are well de
oped, for example, by Venables, Spiller, and Hanbu¨cken.1

One of their main features is that saturation nucleation d
sities can be expressed in the form of ‘‘scaling laws,’’ wi
combinations of atomic energies for adsorptionEa , surface
diffusion Ed , and binding in a cluster as parameters.2

In a complementary approach, analysis of particle grow
kinetics allows in principle assessment of the adatom di
sion path lengthl. This is feasible for the case of incomple
condensation, wherel is limited by the stay time, given by
Ea , and thus correlated to the energy differenceDE5Ea

2Ed . In earlier work, we have measured capture rates
individual particles during condensation byin situ transmis-
sion electron microscopy~TEM! techniques for the case o
dendritic growth of gold particles on highly oriented pyro
thic graphite~HOPG! at room temperature.3 As a result,l
was determined as about 400 nm, corresponding toDE
50.4 eV. One major aim of the present paper is to inve
gate whether this value also holds for higher temperature
which particles do not grow dendritic, but in the form of we
faceted, more three-dimensional crystallites.4 The main dif-
ference to the case of dendritic growth is that, at the ea
stages, the sizes of the adatom capture areas are expec
be much smaller than the general interparticle distances
the adatom lifetime on the substrate will be strongly redu
at elevated temperatures. Also, the particles assume m
three-dimensional shapes, and this influences the ratio o
capture rates by diffusion and direct impingement.
PRB 610163-1829/2000/61~23!/16077~7!/$15.00
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II. EXPERIMENTAL PROCEDURES

Vapor depositions of gold on graphite substrates w
performed in a transmission electron microscope~Philips
EM400!, which had been modified forin situ experimenta-
tion. Details of the apparatus and specimen preparation h
been described in earlier papers.3,5 Prior to the depositions
substrates were heated to 600 °C for several hours to rem
any contamination from the surface. Depositions were p
formed at temperatures ranging from 250 to 350 °C. The
por beam flux was monitored with a quadrupole mass sp
trometer. During deposition experiments, the residual
pressure was in the range of 1 – 231028 mbar with the cold
trap at liquid nitrogen temperature. Virtually no hydroca
bons could be detected with the mass spectrometer. Par
nucleation and growth was imaged via a closed circuit
chain, and was recorded on video tape. By using an e
tronic image intensifier, and not too high magnifications,
electron beam density on the specimen could be kept be
1 A/cm2, which is about one order of magnitude lower th
needed for normal imaging. In fact, at elevated substr
temperatures, no indications of electron beam induced a
facts were observed when comparing irradiated and non
diated areas during and after growth of particles.

After deposition, specimens were transfered to anot
TEM with x-ray analysis facilities~EDX!. Measurements of
the L emission of Au allowed us to estimate the masses
individual particles. Calibration of the x-ray signal was po
sible by means of some particles with well-defined shapes
particular decahedra with fivefold symmetry~multiply
twinned particles! and other, obviously three-dimension
aggregates~see Sec. III C!.

III. RESULTS

A. General observations

At temperatures at and above 250 °C, Au particles mo
grow with well-faceted shapes, exhibiting mainly~111! and
16 077 ©2000 The American Physical Society
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~100! surfaces. This is consistent with early results of Wa
man and Darby, who observed a transition from dendritic
faceted growth on vacuum cleaved graphite at ab
100 °C.6 In situ observations during growth revealed th
such more three-dimensional shapes not only persisted
the beginning, but also developed after coalescence ev
Figure 1 shows an area of a HOPG substrate with Au p
ticles deposited at 350 °C. This image was taken on film a
the end of deposition. A series of video images of part of t
area, taken during growth, is collected in Fig. 2. Two sorts

FIG. 1. TEM image, showing Au particles deposited on HOP
at 350 °C in an area with low-defect density. A patch with hig
defect density is seen at the upper right, while a step bunc
decorated at the lower left. The area with numbered particles
also imaged during deposition. Part of this is shown in Fig. 2. N
several flat, faceted crystallites, as well as more rounded or irre
larly shaped particles. Particle #25 is a decahedron. Note also
ondary nucleation in the vicinity of larger particles. The circ
around particle #18 is drawn to illustrate the assumed size o
adatom capture zone of widthl ~see Sec. IV!.
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particles can be discerned, namely, single crystalline,
ones exhibiting mainly~111! and ~100! facets, as for ex-
ample particles #3, #4, #6, #17, and #22 through #24,
more round or irregularly shaped ones, showing inter
variations of Bragg contrast, like #1, #2, #10, #18, #19, a
#25. These are not single crystals, and generally appear t
more three dimensional than the faceted particles. Thi
supported by x-ray measurements discussed below.

In the area depicted in Fig. 1, the particle number den
exhibits a rather low value of about 33109/cm2, while much
higher densities were often found elsewhere, with sharp b
ders to the low-density areas. Similar variations have b
observed in the case of depositions at room temperature
reported earlier, and are deemed to be caused by inhom
neous distributions of defects on the substrate surface, w
are decorated by the nucleation of Au particles. Indicatio
are that even the areas with low-particle number densities
not free of defects, since about the same population den
as stated above was also measured at lower temperat
e.g., at 300 °C, and even at room temperature.3 For purely
statistical nucleation, a strong dependence on tempera
would be expected.

Most particles grow epitaxially oriented with
(111)Aui(0001)graphiteand@112#Aui@2110#graphite, as was de-
tected by electron diffraction. Deviations from the exact a
muthal orientation by several degrees are quite common
dicating that the binding of the particles to the substrate
not very strong. This is also supported by the observation
significant displacements of particles during growth, possi
induced by charging. Such movements can be seen in Fig
and 3. The latter shows a superposition of contour lin
drawn at various stages during the growth of several ne
boring particles. Obviously, particles can move as such,
apparent displacements do not simply result from anisotro
growth in preferred directions.

Coalescence of neighboring particles often produced
termediate, irregularly shaped aggregates, which su
quently developed into well-faceted crystallites, as for e
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FIG. 2. Series of video images taken during growth of Au p
ticles shown in Fig. 1~lower part!. Several coalescence events a
marked with circles. Coalescence does generally not lead to
3D recrystallization. Arrow att543 min indicates first appearanc
of particle #25, which maintained decahedral shape during grow
Arrow at t573 min indicates flip over of particle #21.
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PRB 61 16 079IN SITU TEM EVALUATION OF THE GROWTH . . .
ample, particle #3 aftert555 min, #5 aftert525 min, or
#26 after t573 min. Coalescence did not always result
three-dimensional recrystallization. As an example, ano
group of particles merged into particle #19 att5130 min,
which appears polycrystalline, and its projected area,
after coalescence, is about the sum of the original partic
The coalescence of particles #8 and #9 represents a sim
case. In general, indications are that all particles have m
or less flattened shapes, with heights being significa
smaller than widths. More accurate estimates will be given
the discussion of x-ray measurements in Sec. C.

B. Particle growth rates

Figures 4~a! and 4~b! show representative examples f
the increase of the projected particle areas with deposi
time. Taking into account the scatter of the data, which
mainly caused by the limited contrast in the video imag
the growth rate of any one particle appears approxima
constant during growth, except during coalescence. Sev
such events are marked with arrows in Figs. 4~a! and 4~b!.
Subsequent lateral growth was mostly found to proceed w
about similar speed as before. Nucleation of satellite p
ticles at distances of a few nm did virtually not cause
reduction of the growth rate, as might be expected, due
competitive capture. See, for example, particles #3, #5,
#6. Especially interesting is the case of #5, which is pa
embraced by particles #4 and #6, but grows even slig
faster than the latter two. This may be caused by a somew

FIG. 3. Superposition of contour lines of the area with partic
#3 to #6 as in Fig. 1, drawn at about equal time steps as indica
This illustrates displacements and rotation of whole particles~#4
and #6!, quasi-2D recrystallization after coalescence~particle #3!,
development of~111! and ~100! side facets, and secondary nucl
ation.
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smaller thickness, as is indicated by its relatively low co
trast, especially when compared with particle #4. A simi
behavior is observed for the group of particles #23, #22,
#24. These observations clearly show that shadowing of
diffusion flux does not significantly influence the partic
growth rate. Apparently, the adatom diffusion length on t
substrate is rather limited, and direct impingement is
negligible, even for small particle sizes. This corresponds
the fact that no correlation of the particle growth rate w
the size of the surrounding area was found, in contrast to
case of dendritic growth at room temperature, where the c
ture areas are limited by the competition of neighbori
aggregates.3

C. X-ray measurements

Quantification of capture rates requires knowledge of
volume of the particles, which is usually not provided b
TEM images alone. We have tried to obtain estimates of
three-dimensional shapes from measurements of the x

s
d.

FIG. 4. ~a! Plot of the projected areas of flat, faceted particles
to #6 vs deposition time. Experimental conditions as in Fig.
Arrows indicate coalescence events of particle #3. The presenc
particles #4 and #6 does not seem to markedly influence the gro
speed of particle #5, which is closely located in between.~b!. same
for particles #18~rounded shape, ‘‘3D’’!, #19~irregular shape after
coalescence!, #20 ~triangular shape!, and #25~decahedron!.
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16 080 PRB 61R. ANTON AND P. KREUTZER
yields of individual particles by EDX, and by correlation
with their projected areas. It should be noted that not
particles are taken into account for the following consid
ations, in particular those with large satellite particles,
which the individual x-ray yields could not be determined.
Fig. 5, the Au-L intensity is plotted vs the projected area
individual particles. Two classes of particles can be d
cerned. The intensities from the apparently flat, well-face
crystallites are generally lower than those from the m
three-dimensional aggregates, at similar lateral sizes. O
ously, the latter are thicker than the flat ones. Interestin
the data from the flat crystallites suggest a proportional r
tionship with the projected area, which means that th
heights are about equal. Only particle #5 exhibits a som
what too low x-ray yield, indicating a reduced thickness.
fact, this was already indicated by the lower contrast in
TEM image.

Calibration of the x-ray yield with respect to volume w
tried by means of a few multiply twinned particles wi
decahedral shape, like #25 visible in Figs. 1 and 2. S
particles are frequently found to nucleate at higher temp
tures also on other substrates, even on amorphous car7

While the volume of an ideal decahedron can be calcula
from the projected area, the question arises, whether the
terface at the substrate is truncated, which may be cause
lowering of the interfacial energy with respect to the surfa
energy. However, there are indications that this is not sign
cant here. According to the Wulff-Kaichew construction, t
degree of truncation is given by the ratio of the adhes
energy and the surface energy of the metal. In fact, the
hesion of gold particles to the graphite substrate seems t
rather low, as was discussed above. Also, the binding en
of gold atoms to graphite is much lower than to each oth
Moreover, detailed TEM studies of the shapes of suppo
decahedral and icosahedral gold particles, for example
Heinemannet al.,8 did not indicate truncations, which shou
be detectable, for example, by distortions of thickne
fringes in weak beam dark field images. Clearly, any trun
tion of a decahedron in fivefold orientation could not exce

FIG. 5. Plot of the x-ray yield of a number of particles vs the
projected areas. Open triangles denote flat, faceted crystallites,
circles more rounded, 3D particles. Particles #1 and #2 exhibi
regular shapes, as is suggested by internal Bragg contrast, se
Fig. 1. The straight line is a guideline to the eyes, which indica
virtually similar heights of most of the flat crystallites.
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half of the particle height, at a given lateral size. For t
above reasons, we believe it is much less, if present at al
any case, an error in calculating the particle volume wo
affect the deduced adatom walk length corresponding
However, we will see below that the maximum possible
ror of 50 % would alter the calculated activation energy on
marginally. A further discussion follows in Sec. IV below.

In Fig. 6, the x-ray intensities of selected particles a
plotted vs their estimated volume. The straight line rep
sents the calibration with particle #25 under the assump
of an ideal decahedral shape. If we assume averaged
spherical shapes for particles #7, #10, #18, and #19, wh
appear somewhat bulky or irregular in the TEM image, th
volumes, as calculated from the projected areas, would fit
calibration reasonably well. From the calibration in Fig.
the heights of the flat crystallites, as depicted in Fig. 5,
calculated to about 4.160.3 nm~see Table I below!, whereas
the height of particle #5~3.3 nm! is considerably lower, as
expected. If the calibration particle #25 would be truncat
these heights would be correspondingly reduced.

Quantitative x-ray measurements of the particle mas
allowed us to calculate the condensation coefficient, in
grated up to the end of deposition att510 200 s. As a result
at a substrate coverage of the order of 1 %, a fraction of o
about 0.001 of the flux of Au from the vapor beam w
present in the areas with low-particle number densities,
that shown in Fig. 1. In the high-population areas, at a c
erage of roughly 50 %, the integrated condensation coe
cient was still below 0.05. For comparison, a value of 0
60.2 was estimated for the case of dendritic growth at ro
temperature, under otherwise similar conditions, at a s
strate coverage of only 5 %, quickly approaching unity, af
less than 3000 s of deposition with similar flux!2

IV. DISCUSSION

Our in situ TEM deposition experiments and x-ray me
surements clearly revealed that the condensation of Au
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s

FIG. 6. Plot of the x-ray yield of selected particles vs the
volume. The straight line is a calibration curve, calculated on
basis of the volume of particle #25, which is a decahedron. V
umes of the other particles are estimated by assuming half-sphe
shapes. This approximation seems to be justified for particles
#18, and possibly #19, but not for particles #1, #2, and #12, du
more quasi-2D or more bulky shapes, respectively.
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HOPG is initially extremely incomplete at elevated tempe
tures, given by a very short adatom stay timet and walking
distancel on the substrate before desorption. These qua
ties are related to the atomic energies for adsorptionEa , and
surface diffusionEd , by

t5na
21 expH Ea

kTJ , ~1!

wherena is the attempt frequency for desorption, and

l5
a

2
And

na
expH Ea2Ed

2kT J , ~2!

wherea is the single jump distance, andnd is the attempt
frequency. Although the latter is expected to be a lit
smaller thanna here we approximate their ratio as unit
While the adatom stay time cannot be deduced from
particle growth kinetics alone, the mean walking distan
can be assessed from measurements of the capture rat
the basis of a suitable diffusion model. In our previous wo
we have determinedl for Au on HOPG at room temperatur
to be about 400 nm, resulting inEa2Ed50.40 eV, with an
error margin of 0.05 eV.2 Arthur and Cho have found from
atomic scattering experiments with Au on natural graph
that even at room temperature, condensation is initially
complete, and given an upper limit fort of 10 ms.9 This
value corresponds to an upper limit forEa of 0.64 eV, for
na51013s, and would fixEd to 0.24 eV. Extrapolation to sa
300 °C would result in an adatom stay time of some 1028 s,
and in a diffusion length of below 10 nm. The aim of o
present work is to investigate, whether such an estim
would also explain the growth kinetics of more compa
small crystallites at higher temperatures, e.g., at rather
ferent boundary conditions for adatom diffusion and capt
than for dendritic growth at room temperature.

For the latter case, we argued that rapid lateral growt
predominantly fed by capture of adatoms diffusing on
surrounding substrate surface. Direct impingement cont
utes only at late stages, and mainly to growth in height,
to the existence of a diffusion barrier~Ehrlich-Schwoebel
barrier! at the particle edges. In contrast, for the present c
of nucleation and growth of more compact particles at
evated temperatures, the contribution of direct impingem
is expected to become significant much earlier, becaus
the considerably reduced capture zone for diffusing adato

The following discussion is based on the same diffus
model as discussed in our earlier paper, only the bound
conditions are changed. A growing particle~mean radiusR!
is a sink for adatom diffusion, and the capture rateF(R) is
obtained by integrating the capture probability over the s
roundings up to a certain radiusr s . In contrast to the case o
dendritic growth at room temperature, this is not limited he
by competitive capture by neighboring aggregates. Assum
the usual profile of the adatom capture probability, expres
by the ratio of Bessel functions, 67 % of the adatoms
captured from an annulus withr s5l. We take r s510l,
which leaves an escape probability of less than 1 %. In
case,l is expected to be so small that during the early stag
competitive capture will generally not be significant.

For comparison with experiment, the particle mean rad
R has to be expressed as function of deposition time, an
-
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calculated from the measured lateral growth rate. The
crease with timet of the particle volume by capture is ca
culated by integratingF(R) over time starting with nucle-
ation at t5t0 . Similarly, the accumulated contribution o
direct impingement is obtained by integrating the adat
flux times the projected area over time as above. Here,
imply that condensation of metal on metal is complete un
our conditions.

Calculations were feasible for a number of particles w
virtually constant shape during growth, allowing us to es
mate the variation with time of their total volume. This da
were fitted by calculating the contributions of capture a
direct impingement as explained above. As an only fit p
rameter, the adatom walk distancel was suitably adjusted
This is illustrated in Fig. 7 for the example of the pentagon
particle #25. A best fit was obtained withl53.9 nm, corre-
sponding to a difference of the energy parameters ofDE
5Ea2Ed50.35 eV, when assuming a jump length a of 0
nm. If the particle were truncated by 50 % at maximum,l
would be reduced to roughly 1.5 nm, andDE would be re-
duced by about 0.1 eV. However, we estimate that the e
is much smaller, as was already discussed above. A fur
argument against significant truncation arises here, in tha
good fit of the slope of the measured increase of the volu
with time could be obtained. This is due to the altered tim
dependence of the ratio of direct impingement to captu
The latter would be reduced, but direct impingement wo
not.

It is apparent that the integrated, relative contribution
direct impingement strongly increases with time, a
amounts to more than 30 % at the end of deposition, w
the particle diameter reached about 24 nm. In contrast,
dendritic growth at room temperature, such a fraction of
rect impingement was only assumed at a particle diamete
some hundreds of nm, due to the much greater capture r2

The variation with time of the volume of the faceted, fl
particles was estimated by assuming growth in height
cording to a power lawh(t)5h01b(t2t0)n. Taking into

FIG. 7. Increase of the volume of particle #25~decahedron!, as
well as of the contributions of capture and direct impingement
deposition time. The solid curve (Vm) represents the volume a
calculated from the measured projected area. The dash-dotted c
(Vs) is the sum of the contributions of direct impingement~dotted
Vi!, and capture~dashedVc!. Vs was calculated to fitVm by adjust-
ing the adatom diffusion lengthl to 3.9 nm.
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16 082 PRB 61R. ANTON AND P. KREUTZER
account the measured constant growth rate of the proje
area, the variation with time of the volume would then
given by the volume at the end of deposition. Several
tempts were made to fit these curves by suitably adjus
the initial heighth0 , assumed shortly after nucleation, th
growth rate in heightb, as well as the powern. As an ex-
ample, results for particle #21 are plotted in Fig. 8. A best
was obtained withn51, h051.3 nm,b50.00031 nm/s, and
with l54.3 nm~curve a in Fig. 8!. In fact, linear growth in
height appears reasonable, although good fits were also
sible with 0.5,n,1 and 0.3,h0,1.3 nm. A powern,1
would mean initially fast vertical growth, slowing down su
sequently. In any case, for parameters within the above
gimes, variations ofl were less than 0.2 nm. On the oth
hand, the~not reasonable! assumption of virtually constan
height during growth, as was found for dendritic growth
room temperature, resulted in significant deviations of
slopes of the curves, which could not be compensated
adjustingl ~curvec in Fig. 8!. Interestingly, very similar sets
of parameters were also found as best fits for the gro
curves for most of the other flat particles, suggesting ini
heights of the order of 1 nm. It is clear that these flat cr
tallites are kinetic forms, whereas the equilibrium sha
would be near to a sphere, with~111! and~100! facets.10 The
evolution of particle forms during condensation has been
dressed by Bermond and Venables.11 It is argued that growth
on atomically flat surfaces may be hindered by the lack
nucleation sites, e.g., kink sites or defects. This would lea
quasi-two-dimensional growth. In our case, direct imping
ment contributes significantly to growth at later stages, ob
ously without leading to pronounced two-dimensional~2D!
growth. Thus, it appears reasonable that adatom diffus
from the top surface down the edges is slow, at least. I
interesting to compare this behavior with the case of d
dritic growth of very flat aggregates, where we have co

FIG. 8. Increase of the volume of the flat, faceted particle #
with deposition time. The thick solid curve~a! is calculated from
the measured projected area with the assumption of linear grow
height from 1.3 to 4.3 nm, so as to approach the volume meas
by EDX at the end of deposition. The thin, solid curves~b and c!
are calculated by assuming initial heights of 0.3 and 4.0 nm, res
tively. The dash-dotted curve was calculated from the contributi
of direct impingement and capture, so as to fit curve a by adjus
l to 4.2 nm. Curves b and c could not be fitted~see text!.
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cluded that crossing from the top surface down the edge
vice versa would be hindered by the existence of an Ehrli
Schwoebel barrier.3 At elevated temperatures, however, th
effect may be significantly reduced. In fact, assuming an
tivation energy for diffusion on the~111! surface of 0.2 eV,
an additional barrier of 0.1 eV, for example, would redu
the diffusion flux by a factor of 1/50 at room temperatur
but only of 1/6 at 350 °C. Nevertheless, this would not
negligible.

For some of the bulky particles, in particular #7 and #1
the approximation of roughly half-spherical habits would e
plain their volume as determined from x-ray measureme
For all particles with reasonably calibrated volumes, a
which did not experience coalescence during growth, an
dividual adatom diffusion lengthl was obtained as a fit pa
rameter for the growth kinetics. In Table I, these values
listed together with geometrical data as projected area,
ume, and~average! height after deposition. Despite som
scatter, the adatom growth lengthsl are all of the same
order. Taking only the decahedron and the flat crystallite
mean value of 4.760.6 nm is calculated on the basis of o
suggested calibration. Using Eq.~2!, the mean value of the
energy differenceDE5Ea2Ed is then calculated to 0.37
60.02 eV, taking the jump lengtha50.3 nm. Allowing a
~not reasonable! truncation of the calibration particle of 50 %
would reduce the averagel to about 2.6 nm, resulting in
DE50.31 eV. On the other hand, the more bulky partic
produce somewhat increased values for reasons not ye
derstood, resulting in a total average for all particles ofl
55.8 nm, which would yieldDE50.39 eV. Thus, the maxi-
mum error in DE is certainly smaller than 0.08 eV, an
probably much less.

V. CONCLUSION

Our in situ TEM investigations of the growth kinetics o
small gold crystallites on HOPG at elevated temperatu
were intended to complement our earlier work on dendr
growth at room temperature.3 The aim was to check whethe
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TABLE I. Geometrical data and atomic diffusion length for
number of particles deposited on HOPG at 350 °C. Volume data
based on the calibration of particle #25, assuming an ideal dec
dral shape~see text!. Height values are calculated by dividing vo
ume by area. Height values of parentheses refer to average valu*
indicates assumed, average shapes.

Particle
no.

Projected
area/nm2

Volume
/nm3

Height
/nm

Diffusion
length /nm

Particle
shape

3 593 2527 4.3 4.8 faceted,flat
4 367 1500 3.9 5.2 faceted,flat
5 465 1530 3.3 4.8 faceted,flat
7 312 2070 ~6.6! 8.2 half-sphere*

10 265 1622 ~6.1! 8.7 irregular
17 486 1966 4.0 5.9 faceted,flat
18 311 2060 ~6.6! 8.9 half-sphere*
20 253 993 3.9 4.5 faceted,flat
21 208 903 4.3 4.2 faceted,flat
25 279 862 ~3.1! 3.9 decahedron
26 413 1662 4.0 4.5 faceted, fla
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the very different growth modes can be described with
same model of adatom diffusion and capture. It turned
that evaluation of nucleation densities was not feasible, a
dependence on temperature was found. Therefore, we
lieve that nucleation takes place at defect sites, which, h
ever, are inhomogeneously distributed on the substrate
face. On the other hand, the initial condensation coeffic
was measured by quantitative EDX to below 1023, which
indicates that binding to these sites is not very strong an
their distances are much greater than the mean adatom
distance.

Epitaxial particles grew well faceted, with flat,~111! top
surfaces, and assumed more or less similar heights, as
concluded from EDX measurements of their volumes.
general, particle growth kinetics could be modeled by cal
lating the contributions of capture and of direct imping
ment. The latter was given by the deposition rate, and by
measured growth rate of the projected areas. The cap
zones are limited by adatom diffusion length before deso
tion l. Fitting calculations were especially feasible for pa
ticles with known and constant shape during growth, e
decahedra, and for most of the flat, epitaxial particles exh
iting virtually constant growth rates of the projected are
As an average over all particles,l was determined to abou
5.8 nm, corresponding to an energy differenceEa2Ed
50.39 eV, with an estimated error of the order of60.04 eV.
This value agrees remarkably well with the result of 0.
~60.05! eV obtained from our earlier analysis of dendrit
e
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-

ur-
t
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.

growth at room temperature, where the walk distance of
order of several hundred nm leads to pronounced quas
growth, and the contribution of direct impingement becom
only significant for rather large particles. At about 350 °
however, withl being two orders of magnitude lower, th
relative contribution of capture, although being dominant i
tially, strongly decreases with growing particle size. Furth
more, our fit calculations revealed that the height of the fl
faceted crystallites is not constant, rather growth proceed
three dimensions, starting with initial heights betwe
roughly 0.3 nm and 1.5 nm. It is clear that these grow
forms are determined by kinetics and not by equilibriu
This raises the question as to the role of an Ehrlic
Schwoebel type barrier at the edges. For the case of dend
growth at room temperature, it was argued that such a ba
causes lateral growth being mainly fed by capture, and v
tical growth by direct impingement.3 For the present case o
growth at higher temperatures, this effect is expected to
reduced, and a clear separation can not be made. Howe
the large contribution of direct impingement indicates th
the probability of adatoms jumping down from the top su
face is at least limited.
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