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In situ TEM evaluation of the growth kinetics of Au particles on highly oriented pyrolithic
graphite at elevated temperatures
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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(ivith faces on top.

On substrate areas with low-defect density, particle numbers were in the range of sbome 1ihdependent

of temperature. In highly defective areas, densities were up & ct?. 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 582.4nm on defect free highly oriented pyrolytic graphite at 350 °C. This value
corresponds to a difference of the atomic energies of adsorption and diffusjenHy) =0.39+0.04 eV.

I. INTRODUCTION II. EXPERIMENTAL PROCEDURES

Vapor depositions of gold on graphite substrates were

The kinetics of nucleation and growth of particles on sub-performed in a transmission electron microscdpilips

strates has often been investigated in the past with the aim M400, which had been modified fdn situ experimenta-
on. Details of the apparatus and specimen preparation have

obtain more insight in the adatom energetics. Statistical meg" d ved i i 3&prior to the d i
surements of the rates of particle nucleation and growth ma een described in earfier pap o rior to the depositions,
bstrates were heated to 600 °C for several hours to remove

be analyzed on the basis of rate equation; for the densitiese? y contamination from the surface. Depositions were per-
monomers and clusters. Adequate theorles are well ijev ormed at temperatures ranging from 250 to 350 °C. The va-
oped, for example, by Venables, Spiller, and Hakan. oo heam flux was monitored with a quadrupole mass spec-
Qne of their main featurgs is that saturatlon'nucleatlon qer‘frometer. During deposition experiments, the residual gas
sities can be express_ed in thg form of “scaling laws,” with pressure was in the range of 1208 mbar with the cold
combinations of atomic energies for adsorptien, surface  trap at liquid nitrogen temperature. Virtually no hydrocar-
diffusion Eq, and binding in a cluster as parametérs. bons could be detected with the mass spectrometer. Particle

In a complementary approach, analysis of particle growtmucleation and growth was imaged via a closed circuit TV
kinetics allows in principle assessment of the adatom diffuchain, and was recorded on video tape. By using an elec-
sion path lengthx. This is feasible for the case of incomplete tronic image intensifier, and not too high magnifications, the
condensation, wherk is limited by the stay time, given by electron beam density on the specimen could be kept below
E,, and thus correlated to the energy differenkE=E, 1 Alcn?, which is about one order of magnitude lower than
—Ey4. In earlier work, we have measured capture rates ofeeded for normal imaging. In fact, at elevated substrate
individual particles during condensation bysitu transmis- ~ temperatures, no indications of electron beam induced arti-
sion electron microscop§TEM) techniques for the case of facts were observed when comparing irradiated and nonirra-
dendritic growth of gold particles on highly oriented pyroli- diated areas during and after growth of particles.

thic graphite(HOPG at room temperatureAs a result,\ After_ deposition, sp_ecim_e_n_s were transfered to another
was determined as about 400 nm, corresponding\ B TEM W|th x-ray analysis faC|I|t|e:{EDX)._Measurements of
the L emission of Au allowed us to estimate the masses of

=0.4 eV. One major aim of the present paper is to investi- dividual ticles. Calibrati fth ianal
gate whether this value also holds for higher temperatures, Jdividual particles. .aiibration ot the x-ray signa was pos-

which particles do not grow dendritic, but in the form of well sible by means of some particles with well-defined shapes, in

; : S particular decahedra with fivefold symmetrgmultiply
faceted, more three—dmenqual crystallﬂe‘Ehe main dif- twinned particles and other, obviously three-dimensional
ference to the case of dendritic growth is that, at the earl?ggregate@ee Sec. Il G

0

stages, the sizes of the adatom capture areas are expecte

be much smaller than the general interparticle distances, as IIl. RESULTS
the adatom lifetime on the substrate will be strongly reduced
at elevated temperatures. Also, the particles assume more
three-dimensional shapes, and this influences the ratio of the At temperatures at and above 250 °C, Au particles mostly
capture rates by diffusion and direct impingement. grow with well-faceted shapes, exhibiting mair{y11) and

A. General observations
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FIG. 2. Series of video images taken during growth of Au par-
ticles shown in Fig. Xlower par}. Several coalescence events are
marked with circles. Coalescence does generally not lead to bulk
3D recrystallization. Arrow at=43 min indicates first appearance
of particle #25, which maintained decahedral shape during growth.
Arrow at t=73 min indicates flip over of particle #21.

particles can be discerned, namely, single crystalline, flat
ones exhibiting mainly(111) and (100 facets, as for ex-
ample particles #3, #4, #6, #17, and #22 through #24, and
more round or irregularly shaped ones, showing internal
variations of Bragg contrast, like #1, #2, #10, #18, #19, and
#25. These are not single crystals, and generally appear to be
more three dimensional than the faceted particles. This is
supported by x-ray measurements discussed below.

In the area depicted in Fig. 1, the particle number density
exhibits a rather low value of about3L0°/cn?, while much
higher densities were often found elsewhere, with sharp bor-
ders to the low-density areas. Similar variations have been
observed in the case of depositions at room temperature, as
reported earlier, and are deemed to be caused by inhomoge-
neous distributions of defects on the substrate surface, which
are decorated by the nucleation of Au particles. Indications
are that even the areas with low-particle number densities are
not free of defects, since about the same population density
at 350°C in an area with low-defect density. A patch with high- 25 stated above was also measured at lower temperatures,

defect density is seen at the upper right, while a step bunch i?'g'_’ &_lt 300°C, a_nd even at room temperaqu«nr purely
decorated at the lower left. The area with numbered particles waStatistical nucleation, a strong dependence on temperature
also imaged during deposition. Part of this is shown in Fig. 2. NoteVould be expected. o _ _
several flat, faceted crystallites, as well as more rounded or irregu- MOst  particles  grow  epitaxially —oriented  with
larly shaped particles. Particle #25 is a decahedron. Note also se€111)ayll(0001)ypnie@NA[ 112]5,I[ 21100 apnites @S Was de-
ondary nucleation in the vicinity of larger particles. The circle tected by electron diffraction. Deviations from the exact azi-
around particle #18 is drawn to illustrate the assumed size of amuthal orientation by several degrees are quite common, in-
adatom capture zone of width(see Sec. IV. dicating that the binding of the particles to the substrate is
not very strong. This is also supported by the observation of
(100 surfaces. This is consistent with early results of Way-significant displacements of particles during growth, possibly
man and Darby, who observed a transition from dendritic tdnduced by charging. Such movements can be seen in Figs. 2
faceted growth on vacuum cleaved graphite at abovand 3. The latter shows a superposition of contour lines,
100°C? In situ observations during growth revealed that drawn at various stages during the growth of several neigh-
such more three-dimensional shapes not only persisted froforing particles. Obviously, particles can move as such, and
the beginning, but also developed after coalescence eventgpparent displacements do not simply result from anisotropic
Figure 1 shows an area of a HOPG substrate with Au pargrowth in preferred directions.
ticles deposited at 350 °C. This image was taken on film after Coalescence of neighboring particles often produced in-
the end of deposition. A series of video images of part of thigermediate, irregularly shaped aggregates, which subse-
area, taken during growth, is collected in Fig. 2. Two sorts ofquently developed into well-faceted crystallites, as for ex-

FIG. 1. TEM image, showing Au particles deposited on HOPG
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FIG. 3. Superposition of contour lines of the area with particles -
#3 to #6 as in Fig. 1, drawn at about equal time steps as indicated. % 1004
This illustrates displacements and rotation of whole parti¢ies %
and #6, quasi-2D recrystallization after coalesceriparticle #3, =
development 0f111) and (100 side facets, and secondary nucle- 0

ation. 0 2000 4000 6000 8000 10000
deposition time (s)

ample, particle #3 aftet=55 min, #5 aftert=25 min, or

#26 aftert=73 min. Coalescence did not always result in  FIG. 4. (a) Plot of the projected areas of flat, faceted particles #3

three-dimensional recrystallization. As an example, anothefo #6 vs deposition time. Experimental conditions as in Fig. 1.

group of particles merged into particle #19tat130 min,  Arrows indicate coalescence events of particle #3. The presence of

which appears polycrystalline, and its projected area, jusparticles #4 and #6 does not seem to markedly influence the growth

after coalescence, is about the sum of the original particlespeed of particle #5, which is closely located in betwebn.same

The coalescence of particles #8 and #9 represents a similéar particles #18rounded shape, “3D), #19 (irregular shape after

case. In general, indications are that all particles have moreoalescende #20 (triangular shape and #25(decahedron

or less flattened shapes, with heights being significantly

smaller than widths. More accurate estimates will be given irsmaller thickness, as is indicated by its relatively low con-

the discussion of x-ray measurements in Sec. C. trast, especially when compared with particle #4. A similar
behavior is observed for the group of particles #23, #22, and
B. Particle growth rates #24. These observations clearly show that shadowing of the

) ) diffusion flux does not significantly influence the particle
Figures 4a) and 4b) show representative examples for growth rate. Apparently, the adatom diffusion length on the
the increase of the projected particle areas with depositiogpstrate is rather limited, and direct impingement is not
time. Taking into account the scatter of the data, which is,eqligible, even for small particle sizes. This corresponds to

mainly caused by the limited contrast in the video imagesine fact that no correlation of the particle growth rate with
the growth rate of any one particle appears approximatelyne sjze of the surrounding area was found, in contrast to the
constant during growth, except during coalescence. Severghgse of dendritic growth at room temperature, where the cap-

such events are marked with arrows in Fig&)4nd 4b). {1 areas are limited by the competition of neighboring
Subsequent lateral growth was mostly found to proceed Wltléggregateg_

about similar speed as before. Nucleation of satellite par-
ticles at distances of a few nm did virtually not cause a
reduction of the growth rate, as might be expected, due to
competitive capture. See, for example, particles #3, #5, and Quantification of capture rates requires knowledge of the
#6. Especially interesting is the case of #5, which is partlyvolume of the particles, which is usually not provided by

embraced by particles #4 and #6, but grows even slightlyffEM images alone. We have tried to obtain estimates of the
faster than the latter two. This may be caused by a somewhéree-dimensional shapes from measurements of the x-ray

C. X-ray measurements
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FIG. 5. Plot of the x-ray yield of a number of particles vs their FIG. 6. PI f th ield of sel d icl hei
projected areas. Open triangles denote flat, faceted crystallites, solid - 6. Plot 0 ¢ € x-ray yieid of se ected particles vs their
circles more rounded, 3D particles. Particles #1 and #2 exhibit jrvolume. The straight line is a calibration curve, calculated on the

’ #25, which is a decahedron. Vol-

regular shapes, as is suggested by internal Bragg contrast, seenlﬂS'S of the volume o_f particle - ; .
Fig. 1. The straight line is a guideline to the eyes, which indicated!Mmes of the other particles are estimated by assuming half-spherical

: . : . hapes. This approximation seems to be justified for particles #7,
virtually similar heights of most of the flat crystallites. S ; }
y g y #18, and possibly #19, but not for particles #1, #2, and #12, due to

. T . ) more quasi-2D or more bulky shapes, respectively.
yields of individual particles by EDX, and by correlations

with their projected areas. It should be noted that not alhaif of the particle height, at a given lateral size. For the
particles are taken into account for the following consider-zpove reasons, we believe it is much less, if present at all. In
ations, in particular those with large satellite particles, ofany case, an error in calculating the particle volume would
which the individual x-ray yields could not be determined. In gffect the deduced adatom walk length correspondingly.
Fig. 5, the Auk intensity is plotted vs the projected area of However, we will see below that the maximum possible er-
individual particles. Two classes of particles can be diSyor of 50 % would alter the calculated activation energy only
cerned. The intensities from the apparently flat, well-facetednarginally. A further discussion follows in Sec. IV below.
crystallites are generally lower than those from the more |, Fig. 6, the x-ray intensities of selected particles are
three-dimensional aggregates, at similar lateral sizes. ObVj|otted vs their estimated volume. The straight line repre-
ously, the latter are thicker than the flat ones. Interestinglygents the calibration with particle #25 under the assumption
the data from the flat crystallites suggest a proportional relagf a5 ideal decahedral shape. If we assume averaged half
tionship with the projected area, which means that theispherical shapes for particles #7, #10, #18, and #19, which
heights are about equal. Only particle #5 exhibits a somezppear somewhat bulky or irregular in the TEM image, their
what too low x-ray yield, indicating a reduced thickness. Inyglymes, as calculated from the projected areas, would fit the
fact, this was already indicated by the lower contrast in the:alipration reasonably well. From the calibration in Fig. 6,
TEM image. _ _ the heights of the flat crystallites, as depicted in Fig. 5, are
Calibration of the x-ray yield with respect to volume was |culated to about 4-10.3 nm(see Table | beloyy whereas
tried by means of a few multiply twinned particles with the height of particle #%3.3 nm is considerably lower, as
decahedral shape, like #25 visible in Figs. 1 and 2. Suckypected. If the calibration particle #25 would be truncated,
particles are frequently found to nucleate at higher temperanege heights would be correspondingly reduced.
tures also on other subs_trates, even on amorphous carbon. Quantitative x-ray measurements of the particle masses
While the volume of an ideal decahedron can be calculated|iowed us to calculate the condensation coefficient, inte-
from the projected area, the question arises, whether the IRrated up to the end of depositiontat 10 200 s. As a result,
terface at the substrate is truncated, which may be caused By 5 sypstrate coverage of the order of 1%, a fraction of only
lowering of the interfacial energy with respect to the surfaceypout 0.001 of the flux of Au from the vapor beam was
energy. However, there are indications that this is not Signiﬁ‘present in the areas with low-particle number densities, like
cant here. According to the Wulff-Kaichew construction, thethat shown in Fig. 1. In the high-population areas, at a cov-
degree of truncation is given by the ratio of the adhesmrbrage of roughly 50 %, the integrated condensation coeffi-
energy and the surface energy of the metal. In fact, the adsient was still below 0.05. For comparison, a value of 0.3
hesion of gold particles to the graphite substrate seems to beq 5 a5 estimated for the case of dendritic growth at room
rather low, as was discussed above. Also, the binding energ¥mperature, under otherwise similar conditions, at a sub-

of gold atoms to graphite is much lower than to each othergi ate coverage of only 5%, quickly approaching unity, after
Moreover, detailed TEM studies of the shapes of supportegbss than 3000 s of deposition with similar fléix!

decahedral and icosahedral gold particles, for example by
Heinemanret al.® did not indicate truncations, which should
be detectable, for example, by distortions of thickness
fringes in weak beam dark field images. Clearly, any trunca- Our in situ TEM deposition experiments and x-ray mea-
tion of a decahedron in fivefold orientation could not exceedsurements clearly revealed that the condensation of Au on

IV. DISCUSSION
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HOPG is initially extremely incomplete at elevated tempera- 1000 1
tures, given by a very short adatom stay timand walking
distance\ on the substrate before desorption. These quanti- 8004
ties are related to the atomic energies for adsorfgnand
surface diffusiorEy, by a_
g 600
E ~—
= -1 —a @
T=Vy ex4 kT], (1) g 4004
wherev, is the attempt frequency for desorption, and S
200
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wherea is the single jump distance, ang, is the attempt

frequency. Although the latter is expected to be a little deposition time t (s)

smgller thanv, here we fipproximate their ratio as unity. FIG. 7. Increase of the volume of particle #@fecahedron as
Wh|!e the adatom st_ay time cannot be deduc_ed fr.om th%\/ell as of the contributions of capture and direct impingement vs
particle growth kinetics alone, the mean walking distanceyeposition time. The solid curvev(,) represents the volume as

can be assessed from measurements of the capture rates Qftulated from the measured projected area. The dash-dotted curve
the baSIS Of a SUItab|e dlfoSIOﬂ mOde| In our preVIOUS WOI’k,(VS) is the sum of the contributions of direct |mp|ngemédmtted

we have determinedl for Au on HOPG at room temperature v,), and capturédashedv,). Vs was calculated to fiv/,,, by adjust-
to be about 400 nm, resulting #B,— E4=0.40 eV, with an  ing the adatom diffusion length to 3.9 nm.
error margin of 0.05 e?.Arthur and Cho have found from
atomic scattering experiments with Au on natural graphitecalculated from the measured lateral growth rate. The in-
that even at room temperature, condensation is initially increase with time of the particle volume by capture is cal-
complete, and given an upper limit farof 10 ms® This  culated by integratingb(R) over time starting with nucle-
value corresponds to an upper limit far, of 0.64 eV, for ation att=ty. Similarly, the accumulated contribution of
v,=10"s, and would fixE4 to 0.24 eV. Extrapolation to say direct impingement is obtained by integrating the adatom
300 °C would result in an adatom stay time of some®§,  flux times the projected area over time as above. Here, we
and in a diffusion length of below 10 nm. The aim of our imply that condensation of metal on metal is complete under
present work is to investigate, whether such an estimateur conditions.
would also explain the growth kinetics of more compact, Calculations were feasible for a number of particles with
small crystallites at higher temperatures, e.g., at rather difvirtually constant shape during growth, allowing us to esti-
ferent boundary conditions for adatom diffusion and captureanate the variation with time of their total volume. This data
than for dendritic growth at room temperature. were fitted by calculating the contributions of capture and
For the latter case, we argued that rapid lateral growth islirect impingement as explained above. As an only fit pa-
predominantly fed by capture of adatoms diffusing on therameter, the adatom walk distankewas suitably adjusted.
surrounding substrate surface. Direct impingement contribThis is illustrated in Fig. 7 for the example of the pentagonal
utes only at late stages, and mainly to growth in height, dugarticle #25. A best fit was obtained with=3.9 nm, corre-
to the existence of a diffusion barri€Ehrlich-Schwoebel sponding to a difference of the energy parameters\ Bf
barriep at the particle edges. In contrast, for the present case-E,—E4=0.35 eV, when assuming a jump length a of 0.3
of nucleation and growth of more compact particles at elnm. If the particle were truncated by 50 % at maximum,
evated temperatures, the contribution of direct impingemenivould be reduced to roughly 1.5 nm, aad would be re-
is expected to become significant much earlier, because efuced by about 0.1 eV. However, we estimate that the error
the considerably reduced capture zone for diffusing adatomss much smaller, as was already discussed above. A further
The following discussion is based on the same diffusiorargument against significant truncation arises here, in that no
model as discussed in our earlier paper, only the boundaryood fit of the slope of the measured increase of the volume
conditions are changed. A growing parti¢eean radiu®k})  with time could be obtained. This is due to the altered time
is a sink for adatom diffusion, and the capture rd#€R) is  dependence of the ratio of direct impingement to capture.
obtained by integrating the capture probability over the surThe latter would be reduced, but direct impingement would
roundings up to a certain radiug. In contrast to the case of not.
dendritic growth at room temperature, this is not limited here It is apparent that the integrated, relative contribution of
by competitive capture by neighboring aggregates. Assumindirect impingement strongly increases with time, and
the usual profile of the adatom capture probability, expressedmounts to more than 30 % at the end of deposition, when
by the ratio of Bessel functions, 67 % of the adatoms arehe particle diameter reached about 24 nm. In contrast, for
captured from an annulus with,=A. We taker =10\, dendritic growth at room temperature, such a fraction of di-
which leaves an escape probability of less than 1%. In anyect impingement was only assumed at a particle diameter of
case) is expected to be so small that during the early stagessome hundreds of nm, due to the much greater capturé rate.
competitive capture will generally not be significant. The variation with time of the volume of the faceted, flat
For comparison with experiment, the particle mean radiugparticles was estimated by assuming growth in height ac-
R has to be expressed as function of deposition time, and isording to a power lawh(t)=hgy+ B(t—ty)". Taking into
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1000 1 TABLE I. Geometrical data and atomic diffusion length for a
number of particles deposited on HOPG at 350 °C. Volume data are
—~ 800- based on the calibration of particle #25, assuming an ideal decahe-
"’E dral shapgsee text Height values are calculated by dividing vol-
£ ume by area. Height values of parentheses refer to average values.
g 600 indicates assumed, average shapes.
?3 Particle Projected Volume Height Diffusion Particle
o 2001 no. area/nm /nn®  /nm length /nm shape
Q
ool 3 593 2527 43 4.8 faceted,flat
Q 4 367 1500 3.9 5.2 faceted,flat
5 465 1530 3.3 4.8 faceted,flat
° _o 2000 4000 6000 8000 10000 ! 312 2070 (6.6 8.2 half-sphere
L 10 265 1622 (6.1 8.7 irregular
deposition time (s) 17 486 1966 4.0 5.9 faceted,flat
18 311 2060 (6.6 8.9 half-spheré
FIG. 8. Increase of the volume of the flat, faceted particle #21 20 253 993 3.9 4.5 faceted,flat
with deposition time. The thick solid curv@) is calculated from 21 208 903 4.3 4.2 faceted,flat
the measured projected area with the assumption of linear growth in 25 279 862 (3.1 3.9 decahedron
height from 1.3 to 4.3 nm, so as to approach the volume measured 54 413 1662 4.0 45 faceted, flat

by EDX at the end of deposition. The thin, solid curesand ¢
are calculated by assuming initial heights of 0.3 and 4.0 nm, respec-

tively. The dash-dotted curve was calculated from the contributiong:|,ded that crossing from the top surface down the edge and
of direct impingement and capture, so as to fit curve a by adjustingjjce versa would be hindered by the existence of an Ehrlich-
A\ t0 4.2 nm. Curves b and c could not be fittete text Schwoebel barriet At elevated temperatures, however, this
effect may be significantly reduced. In fact, assuming an ac-
account the measured constant growth rate of the projectafation energy for diffusion on thé€l11) surface of 0.2 eV,
area, the variation with time of the volume would then bean additional barrier of 0.1 eV, for example, would reduce
given by the volume at the end of deposition. Several atthe diffusion flux by a factor of 1/50 at room temperature,
tempts were made to fit these curves by suitably adjustingut only of 1/6 at 350 °C. Nevertheless, this would not be
the initial heighth,, assumed shortly after nucleation, the negligible.
growth rate in heighfs, as well as the powemn. As an ex- For some of the bulky particles, in particular #7 and #18,
ample, results for particle #21 are plotted in Fig. 8. A best fitthe approximation of roughly half-spherical habits would ex-
was obtained witm=1, hy=1.3nm, 8=0.00031 nm/s, and plain their volume as determined from x-ray measurements.
with A=4.3nm(curve a in Fig. 8 In fact, linear growth in  For all particles with reasonably calibrated volumes, and
height appears reasonable, although good fits were also poshich did not experience coalescence during growth, an in-
sible with 0.5<n<1 and 0.3<hy<1.3nm. A powemn<1  dividual adatom diffusion length was obtained as a fit pa-
would mean initially fast vertical growth, slowing down sub- rameter for the growth kinetics. In Table I, these values are
sequently. In any case, for parameters within the above rdisted together with geometrical data as projected area, vol-
gimes, variations ok were less than 0.2 nm. On the other ume, and(average height after deposition. Despite some
hand, the(not reasonab)eassumption of virtually constant scatter, the adatom growth lengthsare all of the same
height during growth, as was found for dendritic growth atorder. Taking only the decahedron and the flat crystallites, a
room temperature, resulted in significant deviations of themean value of 4.70.6 nm is calculated on the basis of our
slopes of the curves, which could not be compensated byuggested calibration. Using E®), the mean value of the
adjusting\ (curvecin Fig. 8). Interestingly, very similar sets energy differenceAE=E,—E4 is then calculated to 0.37
of parameters were also found as best fits for the growth-0.02 eV, taking the jump lengta=0.3 nm. Allowing a
curves for most of the other flat particles, suggesting initial(not reasonabletruncation of the calibration particle of 50 %
heights of the order of 1 nm. It is clear that these flat crys.would reduce the average to about 2.6 nm, resulting in
tallites are kinetic forms, whereas the equilibrium shapeAE=0.31eV. On the other hand, the more bulky particles
would be near to a sphere, with11) and(100) facets!® The  produce somewnhat increased values for reasons not yet un-
evolution of particle forms during condensation has been adderstood, resulting in a total average for all particles\of
dressed by Bermond and Venabté#t is argued that growth =58 nm, which would yieldd E=0.39 eV. Thus, the maxi-
on atomically flat surfaces may be hindered by the lack ofnum error in AE is certainly smaller than 0.08 eV, and
nucleation sites, e.g., kink sites or defects. This would lead tgrobably much less.
guasi-two-dimensional growth. In our case, direct impinge-
ment contributes significantly to growth at later stages, obvi-
ously without leading to pronounced two-dimensiof2D)
growth. Thus, it appears reasonable that adatom diffusion Ourin situ TEM investigations of the growth kinetics of
from the top surface down the edges is slow, at least. It ismall gold crystallites on HOPG at elevated temperatures
interesting to compare this behavior with the case of denwere intended to complement our earlier work on dendritic
dritic growth of very flat aggregates, where we have con-growth at room temperatufeThe aim was to check whether

V. CONCLUSION
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the very different growth modes can be described with thegrowth at room temperature, where the walk distance of the
same model of adatom diffusion and capture. It turned oubrder of several hundred nm leads to pronounced quasi-2D
that evaluation of nucleation densities was not feasible, as ngrowth, and the contribution of direct impingement becomes
dependence on temperature was found. Therefore, we benly significant for rather large particles. At about 350 °C,
lieve that nucleation takes place at defect sites, which, howhowever, with\ being two orders of magnitude lower, the
ever, are inhomogeneously distributed on the substrate sufe|ative contribution of capture, although being dominant ini-
face. On the other hand, the initial condensation Coefﬁcienﬁa”y, Strong'y decreases with growing partic'e size. Further-
was measured by quantitative EDX to below™#0which  more, our fit calculations revealed that the height of the flat,
indicates that binding to these sites is not very strong and/ofaceted crystallites is not constant, rather growth proceeds in
their distances are much greater than the mean adatom walree dimensions, starting with initial heights between
distance. roughly 0.3 nm and 1.5 nm. It is clear that these growth
Epitaxial particles grew well faceted, with flal11) top  forms are determined by kinetics and not by equilibrium.
surfaces, and assumed more or less similar heights, as Wahjs raises the question as to the role of an Ehrlich-
concluded from EDX measurements of their volumes. Ingchwoebel type barrier at the edges. For the case of dendritic
general, particle growth kinetics could be modeled by calcuyrowth at room temperature, it was argued that such a barrier
lating the contributions of capture and of direct impinge-causes lateral growth being mainly fed by capture, and ver-
ment. The latter was given by the deposition rate, and by thgcal growth by direct impingemeritFor the present case of
measured growth rate of the projected areas. The captuggowth at higher temperatures, this effect is expected to be
zones are limited by adatom diffusion length before desorpreduced, and a clear separation can not be made. However,
tion \. Fitting calculations were especially feasible for par-the |arge contribution of direct impingement indicates that

ticles with known and constant shape during growth, €.9.the probability of adatoms jumping down from the top sur-
decahedra, and for most of the flat, epitaxial particles exhibface is at least limited.

iting virtually constant growth rates of the projected areas.

As an average over all particles,was determined to about

5.8 nm, correspondir)g to an energy differenEg—Eq ACKNOWLEDGMENT

=0.39 eV, with an estimated error of the orderZ0®.04 eV.

This value agrees remarkably well with the result of 0.40 Thanks are due to the Volkswagenstiftung for support of
(+0.05 eV obtained from our earlier analysis of dendritic part of this work.
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