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In situ TEM investigations of dendritic growth of Au particles on HOPG
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Gold was vapor deposited onto thin substrates of highly oriented pyrolytic graphite at room temperature
inside a transmission electron microscope, which was modifiednfeitu experimentation. The kinetics of
nucleation and dendritic growth of particles was recorded in real time. Two growth modes of particles were
observed on different parts of the substrate. Small particles with high nucleation density populated defective
substrate areas, where condensation was complete, as was verified by quantitative analysis of x-ray fluores-
cence, while on virtually undisturbed areas, the nucleation density was much lower, condensation initially
incomplete, and particles grew dendritic. The lateral growth speeds of the latter were found to be strongly
correlated to the sizes of the respective capture areas. This is attributed to similar heights of the particles,
starting at about 1 nm soon after nucleation. The growth kinetics of individual aggregates were compared with
a diffusion model, which allowed us to estimate the adatom mean diffusion length before desorption to about
400 nm. Relying on a value for the surface lifetime of a gold adatom of less than 10 ms at room temperature,
as reported in the literature, this results in an upper limit for the diffusion barrier of 0.24 eV on graphite.
[S0163-182698)04643-9

I. INTRODUCTION with the adatom flux. When this is high, aggregation is more
two-dimensional, because three-dimensional rearrangement

Dendritic growth of crystals is a rather common phenom-is hindered, and islands are bounded by the slowest growing
enon in nature, but it is more an exception in vapor deposiedges, leading to growth in tfi&10] direction. In contrast, at
tion experiments. At least for metals on substrates such dswer flux, more three-dimensional growth occurs, with the
dielectrics or ionic crystals, three-dimensional growth of par-siowest growing planes as boundaries, and dendrites are di-
ticles is usually thermodynamically favored, especially at elrected along th¢112] direction. A change of the flux from
evated temperatures. However, under certain circumstancesigh to low, which may take place, for example, when com-
kinetic limitations may prevent three-dimensional growth, petitive capture by neighboring particles becomes significant,
for example when the adatom diffusivity is high on the sub-would cause a corresponding change of the growth direction
strate, but lower on aggregates of its own kind. Another reaof the dendrites. Experiments seem to confirm this view.
son may be the existence of a diffusion barrier at particle Dendritic growth has often been described with “diffu-
edges or facets. This seems to be the case for gold on singlgion limited aggregation’{DLA), as modeled, for example,
crystalline graphite at temperatures below about 100 °C. Agy Witten and SandérThis means basically that an adatom
this system can be handled relatively easily experimentallyperforms a random walk on the substrate, but will be cap-
it has attracted much attention in the past with the aim taqured by a growing aggregate upon any encounter. With little
understand this peculiar type of adatom aggregation. In ther no diffusion along the edge of the aggregate, this leads to
“classical” work of Darby and Wayman, it was already es- extremely ramified structures, with rather low “fractal di-
tablished that dendritic growth requires clean substrate suinension” (~1.7), and which do not resemble very well
faces, otherwise the metal nucleates finely dispetsad. those found experimentally for gold on graphite. Wynblatt
clean substrate can be obtained by cleaving the graphite it al. have performed similar simulations, but allowed re-
vacuum prior to the deposition of gold. Air-cleaved sub-duced sticking probabilities of adatoms at the circumference
strates must be extensively heated in vacuum in order tf a particle, depending on the nearest-neighbor
obtain at least some virtually clean areas.tdie has inves-  configuratiort. This approach in effect simulates atom diffu-
tigated the influence of the vacuum conditions, especially ojon along the circumference of a particle, leading to more
the type of vacuum pump, on the cleanliness of cleavageompact aggregation. Significantly higher fractal dimensions
surfaces, as judged from the degree of perfection of dendritic~1.9) could be obtained with this method, being close to
growth? As a result, charged particles, delivered from an ionexperimental examples. Both approaches certainly deliver
getter pump, may produce defects on the graphite surfadenportant contributions to the understanding of dendritic
plane, causing the nucleation and growth of many smallgrowth. However, quantitative data on the kinetics of adatom
compact particles. diffusion and capture are still lacking.

Darby and Wayman presented a qualitative model of den- We have performed deposition experimeintssitu in an
dritic growth, which is based on anisotropic diffusion sinks electron microscope, and analyzed the growth kinetics of in-
around protrusions of a growing partici@hese authors cor- dividual aggregates by measuring the rates of adatom capture
relate the occurrence of two typical growth directions of dendirectly, locally resolved, and in real tinfehich means tele-
drites, [110]all[1010]graphie @nd [112]a lI[2110]graphite vision ratg. The aim was to obtain further insight into the

0163-1829/98/5@0)/138748)/$15.00 PRB 58 13874 ©1998 The American Physical Society



PRB 58 IN SITUTEM INVESTIGATIONS OF DENDRITE . .. 13875

adatom processes of diffusion and capture, which goverrgz v
dendritic growth. In particular, the it situ approach” al- 5.,&
lows us to assess the influence of competitive capture b}“
neighboring aggregates quantitatively, such that particle
growth rates are directly correlated with the sizes of the sur-w
rounding capture areas. Moreover, evidence was found the|
particles generally grow with similar heights from the begin-
ning, and mainly laterally, while the contribution of direct
impingement becomes significant only at later stages. This
allows us to estimate the adatom diffusivity on the substrate:gws
on the basis of a model of adatom diffusion and capture,. s
which takes into account an initial condensation coefficient = s
of much less than unity on the bare substrate, even at room
temperature. FIG. 1. Bright field (left) and dark field imagéright) of den-
dritic particles on HOPG. The rather uniform contrast in the former
and the Moirestripes in the latter indicate flat surfaces of the den-
Il. EXPERIMENTAL PROCEDURES drites. Slight variations of Bragg contrast in different dendrites and

o . the absence of some dendrites in the dark field image originate from
Vapor depositions of gold on graphite substrates wergjitarant epitaxial orientations,

performed in a transmission electron microscapilips
EM400), which had been modified fdn situ experimenta- densities on apparently defective areas, which were found to
tion. The metal was evaporated from a Knudsen-like celbe inhomogeneously distributed on the samples. The nature
located in a chamber attached to the goniometer stage of thaf the defects could not be determined. At least, we tend to
microscope, which was differentially pumped by a turbomo-exclude contamination, either caused by residual gases or by
lecular pump with magnetic bearings. The vapor beam fluXons from the ion getter pump, as this would be expected to
was monitored with a quadrupole mass spectrometer. Aftegproduce a more homogeneous distribution of decoration. It
mild baking of the evaporation chamber, and eventually als@ppears that nucleation is generally much more sensitive to
of the microscope column, the base pressure in the specimefefects or contamination on the substrate than any analytic or
region was in the mid 10°-mbar range, with the cold finger microscopic tool. Possibly, we deal with intrinsic defects
at liquid nitrogen temperature. During deposition experi-within the HOPG layers, which may require much higher
ments, the pressure rose to (1-2)0 8 mbar. Virtually no  temperatures for healing than applied in our experiments.
hydrocarbons could be detected with the mass spectrometéfhe chances to find undisturbed areas could be somewhat
Particle nucleation and growth was imaged via a closed cirimproved by preheating the substrate under an elevated par-
cuit television (CCTV) chain, and was recorded on video tial pressure of oxygen of 710 mbar.
tape[super video home syste(8-VHS) (VHS is a standard When imaging nucleation and growth of particles during
video formaj]. By using an electronic image intensifier, and condensation, one has to be concerned about the influence of
not too high magpnifications, the electron beam density on théhe electron beam. In fact, a slight effect may be indicated,
specimen could be kept below 1 A/énwhich is about one  when comparing Figs. 1 and 2 below. The former image was
order of magnitude lower than needed for normal imagingtaken on film after the end of deposition, without exposing
More details of the apparatus have been described in earli¢he sample to the electron beam during deposition, while Fig.
papers 2 shows video images taken during growth. The more pro-
Thin, electron transparent substrates of highly orientednounced faceting in the former case and the more ramified
pyrolytic graphite(HOPGQ were prepared in the usual way: structures in the latter are evident. We believe that this effect
A prethinned graphite flake was cemented onto a specidas due to a higher net mobility of the gold adatoms when no
transmission electron microscoff€EM) specimen grid of electrons are present. However, we did not find any clues as
molybdenum. Final thinning was done by pulling off severalto whether electron bombardment produces defects or con-
layers with adhesive tape bonded to the surface, until théamination. At least, a possible local rise of the temperature
specimen became transparent for light. In most cases, thigould probably cause the opposite effect, which, however,
indicated the existence of some areas being sufficiently thigould be overcompensated by the pinning effect of “de-
for imaging in the TEM. Then, the sample was immediatelyfects.” Nevertheless, in total, the influence of the electron
transferred into the microscope, where it was heated up tbeam does not seem to be dramatic. In fact, the morpholo-
600 °C for several hours. The cleanliness of the surface wagies of the islands compare well with those found, for ex-
judged from the appearance of the gold aggregates in thample, by Darbyet al! on vacuum cleaved substrates, with
subsequent depositions at room temperature, according to ree electron irradiation during condensation. We deem this as
sults of other authors already citéd. The deposition rate confirmation that our approach @x situ cleaving,in situ
was kept constant at>210'2 atoms/cris. Calibration was heating under oxygen, and low dose imaging yields suffi-
done by depositions on amorphous carbon, for which comeiently clean areas and virtually undisturbed growth.
plete condensation at room temperature has been established,After the end of deposition, the amount of gold was mea-
using quantitative energy-dispersive analysis of x-ray fluosured by quantitative EDX in another TEM, either averaged
rescencdEDX).® Flat islands with dendritic structures were over larger areas or locally, in order to determine the overall
obtained on virtually clean areas, while small particles withcondensation coefficient and the masses of individual par-
compact shapes were found to nucleate with high numbeticles, respectively. This allowed us to estimate the thickness
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by Darbyet all Further, stripes in dark field images, being
parallel to the growth directions of primary as well as of
secondary branches, are interpreted as a sort of Muite
tern, being caused by a (23) superstructure on thd.12)
surface of the gold. This implies a contraction of the surface
layer in the[110] directions, perpendicular fd12].” Both,
double-positioning and Moigare demonstrated in Fig. 1.
The reason why we emphasize these observations is because
they suggest that the gold islands exhibit virtually planar
surfaces. Moreover, the more or less uniform contrast, which
is observed for most aggregates when not in Bragg position,
indicates about equal thicknesses. Average thickness values
were calculated from quantitative measurements of the sub-
strate coverage and of the deposited mass of gold by EDX,
yielding values of the order of 1 to 2 nm. Possible reasons
for the development of flat islands will be discussed below.

Interesting observations were made regarding the mobility
of particles. While dendritic aggregates were never seen to
drift across the substrate, small particles, which had not yet
developed dendrites, sometimes performed sudden jumps
(see, for example, particle no. 14 in Figs. 2 or 6 beloar
flipped over their edges landing upside down. Such move-
ments mostly occurred from one TV frame to the next, e.g.,
within <20 ms. Often, particles jumped forth and back sev-
eral times, until growing too large. Sometimes, consecutive
jumps resulted in directional “slow motion.” The origin of
the driving force is not quite clear, but is believed to be due
to charging by the electron beam.

Further insight into the kinetics of nucleation and growth
of the particles was obtained from sequential imaging during
condensation. This will be discussed in Sec. Ill C.

B. Condensation coefficients

FIG. 2. Video images taken during growth of gold particles on EDX measurements of the condensed mass of gold on
HOPG at room temperature. Dendritic shapes develop on virtuallgraphite were performed following depositions for various
undisturbed substrate areas, while high nucleation densities in sutimes. These data were ratioed to the vapor beam dose being
rounding areas are attributed to decoration of defects. The solidffered to the substrate, so as to obtain the integrated con-
lines indicate the estimated distribution of capture areas. Depositiodensation coefficient. As a result, condensation was found to
times were 765 $a), 1750 s(b), and 3240 c). be complete, from the start of deposition, on the disturbed

areas, where particles grow finely dispersed with more or

of the aggregates. Substrate coverage, projected areas of pt@ss rounded, compact shapes. In contrast, on undisturbed
ticles and of individual dendrites, and the sizes of the captur@reas, where particles grow dendritic, condensation was in-
zones were measured by means of quantitative image analyomplete at the early stages. After 500 s of deposition, at a
sis. This usually required considerable image processing arfefojected coverage of about 5%, the integrated condensation
contrast enhancement, which was facilitated by averagin§oefficient was of the order of 3020%, and estimated to be

over several consecutive frames in the video sequences. Mmuch lower initially, but rapidly approached unity at later
stages, although the projected coverage did not exceed about

40% after the end of deposition. This is in qualitative agree-

ll. RESULTS ment with results from Arthur and Cho, obtained from
atomic scattering experimeritsThese authors reported a
condensation coefficient of below 0.05 for the first few sec-

In the first part of our experiments, we compared typicalonds of deposition, also at room temperature, and at a
details of dendritic growth of gold on our HOPG substratesslightly greater vapor beam flux, but increasing within 500 s
with those reported by other authors for growth on naturato unity. Although the morphology of the deposits was not
graphite. Epitaxial orientation with (114)I(0001)yonie  investigated in that work, our TEM observations suggest that
and [112],I[2110]gapnite Was verified from diffraction  the increase of the condensation coefficient with deposition
analysis, as was expected for our low rate conditioiae  time (hence coveragés primarily due to an increasing cap-
latter is the growth direction of the primary dendrites. Also,ture probability for adatoms diffusing on the substrate, rather
dark field imaging with3(422) reflections of gold revealed than due to direct impingement from the vapor beam. This
double-positioning of crystallites, as was already describeavill be discussed in more detail below.

A. General observations
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FIG. 4. Increase with deposition time of the substrate coverage
FIG. 3. The evolution with deposition time of the population of of dendritic particles in Fig. 2data symbols, left-hand ayisThe

dendritic particles within the capture areas marked in Fig. 2. Thes-shaped solid line is a regression curve. Also plotted is the frac-
saturation value corresponds to a number density of about 3ional, integrated contribution of direct impingement to the volume
x 10°/cm?. The individual times of nucleation were extrapolated of the particlegright-hand axiy as calculated from the vapor beam
from the dependence of particle size vs titaee, for example, Fig.  flux and the increase of coverage.
7 below.

finely dispersed, saturation densities were generally higher
C. Nucleation and growth by about two orders of magnitude, but still about two orders

Figure 2 shows a representative series of video images ¢pWer than on amorphous carbon, under similar condlt?ons.
the nucleation and growth of a larger number of gold par- In Fig. 4, th_e_ increase of the substrate coverage is plotted
ticles on HOPG at room temperature. On a supposedly€rsus _deposmon time. One can see that the growth rate
“clean” area (see Sec. )l with total size of about 3um2, Initially increases, stays a.bo_u_t constant up to abou_t 20% cov-
dendritic particles are growing with initial distances betweer€'@d€, but slows down significantly thereafter. This peculiar
the first appearing nuclei of several hundred nm. This area i8&havior was also found for individual particles and will be
surrounded by a selvedge of particles, which also producglscussed in more detail below._From the_ substrate coverage
dendrites, when growing inwards, whereas particles outsid@nd the condensed mass, as discussed in Sec. Il A, the av-
of the selvedge nucleate finely dispersed, indicating the exer@ge height of the dendritic aggregates was calculated to
istence of some kind of defects on that part of the substrat8P0ut 1 nm at the early stages, increasing to about 1.5-2 nm
surface, as discussed above. Within the undisturbed area, tfgthe end of deposition. These estimates correspond to scan-
capture zones of individual aggregates are indicated by corind tunneling microscopySTM) results by Nishitanet al,
tour lines, which were drawn by hand by estimating theWho measured particle heights of about 1.7 ¥im.
points of equal probability of an adatom being captured by -
one or another neighboring aggregate, assuming isotropic D. Competitive capture

diffusion. Most dendrites were found to grow in epitaxial  The preferred lateral growth of dendritic aggregates offers
orientation, as was already mentioned above. Deviations afgie unique possibility to study the influence of competitive
not uncommon, and probably originate from crystallographic

defects(see particles no. 5 and.8n any case, the growth 129
direction seems to be mainly determined by the crystallogra- 11
phy of the gold, but not so much by that of the graphite. 10
The kinetics of nucleation is illustrated in Fig. 3, where 9
the number of dendritic aggregates within the field in Fig. 2, 84 2 8
which is marked by capture areas, is plotted versus deposi-E 71
tion time. After a rapid initial increase of the number of 61 y 12
particles, saturation is approached at a value that correspondsg 51 4
to a number density of about310°/cn?. On other areas, 47
which had not been irradiated with electrons during deposi- 31
tion, densities were in the upper®6n? range. These values 24 15 5 i
are higher than those from other authors, obtained on 11 14/1»8' 49
samples of natural graphite. Nés et al. reported a value of 0
3x10%/cn? for vacuum cleaved graphite and at a similar
equivalent mean thickness of gdidyhile data from Darby
et al.are as low as &10'/cn?, although at a lower equiva- |G, 5. Variation of the lateral growth speed of 20 of the num-
lent mean thicknessThese differences may indicate an in- pered particles in Fig. 2 with their individual capture areas. Arrows
fluence of the electron beam, but we tend to believe that thgdicate the decrease of the growth speed from an initial maximum

defect density is intrinsically higher on our HOPG substratesvalue (see Fig. 8to the respective values at the end of deposition,
On the obviously defective areas, where particles nucleatett=3240s.

2/s)

lat. growth rate w(nm

1 T T T L T T 1
0 10000 20000 30000 40000 50000 60000 70000 80000
capture area (nm?2)
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capture in much more detail than is possible in the case of
3D growth. In Fig. 5, the growth rates of 20 particles imaged
in Fig. 2 are plotted versus their individual capture areas. For
each particle, the decrease of the growth speed, from the
initial maximum value(see belowy, with decreasing size of
the respective capture area is indicated by an arrow, pointing
in the direction of increasing deposition time. Interestingly,
the growth speeds of most particles follow about the same
curve, with relatively little scatter. This means that the rini
heights of the particles cannot be very different, as was al-
ready suggested by their similar contrast.

A rough estimate of the vertical growth rate of the par-
ticles was made from the measured increase with time of the
projected particle areas, and from the integrated contribution
of direct impingementsee Fig. 4, calculated with a deposi- o
tion rate of 2< 10'? atoms/cm s. Assuming that only direct
impingement contributes to vertical growth, this would result 0O @ m O O O &= .
in an increase in height by not more than 1 nm from the t= 200 60 930 1260 1590 1930 2250 2700 s
instant of nucleation up to the end of deposition. Taking into N ) )
account an initial height of about 1 nm, as was discussed FIG. 6. Superposmon_ of contour plots of th_e area with par_tlcles
above, the contribution of direct impingement to the volumell: 12, and 1drefer to Fig. 3, taken at approximately equal time
of the particle would be less than 10% within the first 1200 Steps, as indicated by different gray values. Capital letters denote

of deposition, and about 33% at the end of deposition. Thendendrltes growing in principal directions of the graphite lattice, as

the average height would not exceed about 2 nm. This estlhdicated. Growth speeds of individual dendrites are high in direc-
mate agrees surprisingly well with calculations .based onions of free spaceA, for examplg, but slow down significantly
measurgments OIP the gsﬁbstrate coverage, and of the coﬁhen approaching neighboring aggrega@s Particle no. 14 per-

' rmed dden j t abotst 1300 s.
densed mass, as mentioned in Sec. Il C. Thicknesses in theIrrne & stdden jump at a S
range of only a few nm appear reasonable, as judged from ) )
the contrast in the TEM images. Only a few particles werednd B of particle no. 12. These images cle'arly.suppprt that
found to grow significantly slower than the average, in par-N€ local lateral growth speed of the dendrites is mainly de-
ticular nos. 1, 8, and perhaps 5. Possibly, particle no. 1 growf€mined by the supply of diffusing adatoms from the net
intrinsically higher, which is indicated by its greater than capture areas. The development ofllong narrow channels and
normal contrast. Deviations of the growth rates from proporEV€n holes should be noted, which are filled only very
tionality can be explained by variations of the particle slowly. This may be cgused by the eX|stepce of an energetic
heights of not more than 50%. The especially faster tha@'ier for adatoms diffusing on the particle mesas for de-
average decay of the growth rates of particles no. 8 and cending over the edges, and will be discussed in more detail
may be caused by some local recrystallization. This could b elow. ;I’he |n?rease with depozmon. tlmle ogt_he prOjectid
correlated with their ramified shapes. Another source fo'€as of particles no. 11, 12, and 14 is plotted in Fig. 7. The
scatter of the data may be the determination of the sizes of Shaped fitting curve, which is most pronounced for particle
the capture areas. The error of the measurement was esf°- 12, should be noted. The growth rate increases until the
mated to the order of 5% from the variations of data taken agendr_|tes are fully developed, but decreases later with in-
different deposition times creasing coverage. As will be discussed in the following, this

More details of the growth kinetics as well as of the role

of competitive capture are revealed by local analysis of im- 200007

ages taken at higher magnification. Figure 6 shows an er 18000

larged view of the group of particles no. 11, 12, and 14, 160004

together with parts of neighboring aggregatesfer to Fig. 14000 12

2). It is a superposition of contours, drawn at about equa & 1

amounts of elapsed times. The corresponding increase of tr £ '2°%]

projected areas of the aggregates is color coded so as ‘g 100001

visualize the local growth kinetics, as well as the simulta- § 8000 1

neous development of substrate coverage in the neighbo ‘g g0

hood. Particle no. 12 nucleated at about 100 s after openin =, 1

the shutter, particle no. 11 at about 200 s, while the nucleu : 14

of particle no. 14 appeared only after 1000 s. As statec %] e e
above, particle shapes are initially rather compact, anc 0 U s 100 1m0 2000 2800 | 3000

growth of primary dendrites starts with high speed at protru-
sions in the designated crystallographic directions. During
further growth, the influence of competitive capture by FIG. 7. Plot of the projected are&vs deposition timet for

neighboring aggregates is apparent when comparing the ev@articles 11, 12, and 14. Curves are polynomial fits to the data
lution with time of individual dendrites, for example ngs.  points. Note, for particle no. 12, the s-shaped fitting curve.

deposition time t(s)
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can be explained by the superposition of the increase of theeen investigated in detail by Bermond and Venables.
capture probability with particle size and the effect of de-Competition between adatom flux by direct impingement and

creasing capture areas. by diffusion over the substrate, besides the tendency to as-
sume the equilibrium shape by diffusion over the particle
IV. DISCUSSION surface, is deemed responsible for kinetically determined

] ) . ] _crystallite shapes far from equilibrium. Especially, the exis-
Major parameters influencing nucleation and particletence of thin flat crystallites is attributed to a lack of kink
growth kinetics are the energies of surface diffusion and adsjtes for adatom incorporation and unfavored 2D nucleation
sorption on the substrate as well as on the particles. In addpn the particle surface. In our case of dendritic Au particles,
tion, the number and sort of defects and the thermodynamiye have to take into account in addition a potential barrier
cal tendency to form equilibrium shapes play a role. Muchagainst diffusion across the particle edges, as is suggested by

experimental and theoretical work has been done to asseggr observations of only very slowly filed channels and
this quantitatively. Complgelrlenswe reviews are given, for exyples near the center of the particles. Estimates for the dif-
ample, by Venablest al.™" However, for the system Au/  fysjon barrier on flat metal surfaces and for additional barri-
graphite, quantitative data are rather limited. . ers at step edges have been obtained recently from STM
Arthur and Cho have investigated the condensation coefyork. as well as from theoretical calculatiotfs2?
ficient of gold on the surface of graphite by atomic scattering Ginther et al. have investigated by STM the nucleation
experiments and found initially incomplete condensation al-nq growth of monolayer islands of Au on reconstructed
ready at room temperatufeFor the first few seconds of Ay(100) facest® On the basis of a rate equation analysis of
deposition, an instantaneous condensation coeffiaenf jsjand densities, they conclude that the adatom diffusion bar-
less than 0.05 is reported, at a slightly greater deposition fluxer should be about 0.2 eV. A value of this order may also
than in our experiments. Their data suggest an increase iy for the(111) face, as its structure is rather similar to that
unity within about 500 s. Our EDX measurements also SUdyf the “hex’-reconstructed atoms in the top layer of the
gest an upper limit in this range, although the approach t9100) surface. Boisvereét al. performed first-principle calcu-
unity is much slower in our experiments. Incomplete condenyations for several metals and report a value Egrof 0.22
sation means that the adatom lifetime= 7oexpE,/kT) on  av for a Au monomer on AW11).Y For the same case,
the substrate surface is determined by the adsorption ener@yo|tze calculated values between 0.10 and 0.13 eV using
E., rather than by capture by other aggregates or defects, @¥fective-medium theory® Thus, the diffusion barrier of a
long as the respective distances are greater than the meag atom on A111) appears to be of similar order as on
diffusion path = (D r)*® before desorption, wher is the  HOPG, or possibly even lower. However, adatom transport
Qiffusion coefficient. In fact, Arthur and Cho reported life- petween the surfaces of the graphite substrate and the den-
times of below 10 ms at 300 K for Au and Cu atoms ongrite mesas may be hindered by an additional Ehrlich-
graphite? This would correspond to an upper limit &, of  Schwoebel barrier. While Kyuno and Ehrlf@recently ad-
0.64 eV, when assuming a preexponential factor of'#®,  dressed the formation of various types of such barriers in
or E,<0.58eV for ©o=10"'?s, respectively. Already general, experimental data for Au on @d1) are lacking, to
Darby and Wayman have argued that the gold-graphite bindoyr knowledge. Meyeet al. applied a quantitative model to
ing energy, due to mainly van der Waals interaction, shouldsTM results for Ag on A¢L11) and Pt on RtL11), and cal-
be very small compared with the gold-gold binding energyculated the heights of this additional barrier to 0.15 and
(cohesive energy 3.8 8V 0.165 eV, respectivel§t Values of this order agree well with
Given an upper limit of£,, a rough estimate of the dif- the calculated diffusion barrier of 0.26 eV for a Au atom
fusion barrierEy on graphite can be inferred from the initial descending over a monolayer step on(#l1) by Stoltze'®
nucleation density, and from the distance between particlespn fact, an additional barrier of 0.1 eV would reduce the
at which competitive capture becomes pronounced. Appardiffusion coefficient by a factor of about 50. Therefore, and
ently, this amounts to the order of a few 100 nm, at roompecause of our observations of unfilled holes and channels in
temperature. Given the adatom diffusion coefficiddt the dendritic particles, we assume in the following in a first
= (a%/47o)exp(~E4/KT), with a as hop distance, the mean approximation that such a barrier virtually prevents diffusion
diffusion length\ depends on the difference of the energiesof Au atoms down the edges of the particles.

for adsorption and diffusion, and on temperature: Indications are that adatom transfer from the side face of
a particle to the top face is also not significant. One argument
A= a expl’ Ea— Ed] (1) comes from calculations and measurements of the increase of
2 2kT the mean height of the particles during growth. The inte-

Thus, in our casek, is expected be smaller than about 0.3 grated contribution of direct impingemeRjy, can be calcu-
eV lated from the deposition ratBy and the(experimentally

A major goal of our present work is to obtain a more measureglincrease with time of the projected argét):

accurate estimate by simulating the dependence of the cap-

ture rate on the size of the capture area on the basis of a t

simple model of adatom diffusion, capture, and particle Rimp:RdJ F(t)dt. 2
growth. This, however, requires us to correlate the evolution 0

of the particle size and shape during growth with adatom

kinetics and capture by direct impingement, both on the subMultiplication with the atomic volumev yields the inte-
strate and on the particle surface. Such correlations hawgrated volume incorporated into the particle up to timehe
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increment in heightAh, can be approximated by distribut- 121
ing this volume over the actual projected area of the particle
at timet:

Rimp‘U
F(t) ®

and the total height id(t)=hy+ Ah(t). Calculations for
individual particles resulted in values afh between 1 and
1.5 nm at the end of deposition. This corresponds well with
EDX analyses mentioned above, which have revealed that
the mean particle height is of the order of 1 nm at the early
stages, and increases to about 2 nm at the end of deposition : : : : : :
Therefore, the thickening of the particles may be attributed 0 10000 20000 30000 40000 50000 60000
to direct impingement alone. This means that we can sepa-
rate vertical from lateral growth. However, we will show in
the following that the lateral growth speed is significantly FIG. 8. Plot of measured and simulated lateral growth rétes
influenced by the increase in height. particles no. 11, 12, and 14 vs the individual sizes of the capture
A growing particle represents a sink for adatom diffusion.areas. The experimental data are obtained from differentiation of
This is usually expressed by a reduced local adatom conce#f2e curves in Fig. 7. Solid curves are calculated under the assump-
tration n(r), with r being the distance from the edge of a tion that vertical growth starts with a height of 1 nm, and increases

Ah(t)=

growth rate W(nm?2/s)

capture area (nm?2)

particle: by additional 0.5 nm by diref:t impingement. Broken curves illus-
trate the case of constant height of 1 nm throughout growth. A best
( r ) fit of the data was obtained with,—E;=0.4 eV (see text
Kol —
n(ry=N{ 1———7, (4)  curves clearly show the increase of the growth speed at the
KO(B) early stages, which is due to the increasing capture probabil-
A ity with particle size. After passing a maximum, the subse-

quent decrease roughly corresponds to that of the respective
capture area. These curves were calculated by taking into
account vertical growth using Eq&) and (3). In contrast,
Yhe broken curves were calculated for {net realisti¢ case

whereK is a Bessel function of zero ordd|is the radius of
the (assumed spherigaparticle, andN is the adatom con-
centration at great distance. The second term in the curl

brackets, th?. ratio of the Bessel functions, represents the CaBt constant thickness of the particles of 1 nm. Obviously, this
ture probability(r) for adatoms by the particle. The total would not reproduce the generally observed faster decrease

capture probability by fche particle is calculated by mtegrat-of the growth speed than of the capture area. The experimen-
ing over the(assumejlcircular capture area around the edge . .
tal data were fitted by varying two parameters, namely the

of the particle(R) up to the border of the capture zong)( initial height and the energy parametdE=E,— E,. As-

g;’;}'gg&;gréh;t;mh the deposition rat&y results in the suming 1 nm for the initial height, a best simultaneous fit for
all particles was obtained witAE=0.4 eV, corresponding
f to a mean adatom diffusion distance before desorption of
<D(R)=277Rdf @(r)dr. (5) about 400 nm. IncreasingE by 0.1 eV would result in
R much higher growth rates than observed, and would require
This converts into the rate of Captured Volum(r) by reduci!’]g the initial he|ght of the particle tO 0.5 nm, corre-
multiplying with the specific volume of the gold atom, SPonding to only about 2 ML of gold. This would appear
which is taken as =0.014 nni, corresponding to an atomic rather unreasonable, taking into account the EDX results and
radius of 0.15 nm. The lateral growth rate of the dendriticthe decent contrast of the aggregates. Therefore, we estimate
particles can now be modeled on the basis of the growth ithe error margin forAE of the order of 0.05 eV. Taking
height as discussed above. For this, we transfo(t) into ~ Ea=0.64eV as an upper limit, according to Arthur and

h(R), using the experimentally determined functig(t). Cho? the activation barrier for surface diffusioy, would
By dividing ®,(R) by h(R), we get the lateral growth rate Pe no larger than 0.24 eV, and possibly even lower. It should
W(R) as a function oR, expressed in nffs: be noted that the above calculations do not take into account
the specific, dendritic shapes of the particles. Rather, mean
®,(R) radius values for assumed spherical particles were calculated
W(R)= hR) " (6)  from the projected areas of the aggregates. We believe that

this approximation is justified, as a higher capture probability
This takes into account that the lateral growth speed deat the tips of the dendrites may be compensated by shadow-
creases further with increasing height. In fact, this is seen foing effects in the other inner parts of the aggregates.
most particles by the somewhat faster decrease of the growth
rate than of the capture zone. Representative results of such
calculations according to E@6) are compared with experi-
mental data for three particles in Fig. 8. For thig, was Ourin situ TEM analysis of the growth kinetics of quasi-
assumed to 1 nm, as was discussed above. The calculatedo-dimensional gold particles on HOPG revealed interest-

V. CONCLUSIONS
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ing details, which can be interpreted on the basis of a modeaition of the adatom diffusivity on the graphite substrate was
of adatom diffusion and capture. As a main result, thepossible by measuring the lateral growth rate of particles as a
growth speed of the dendritic gold aggregates can be directifunction of the capture area, and by fitting the data with
correlated with the sizes of the respective capture areag@lculations based on an adatom diffusion model, taking into
which are determined by competitive capture of adatoms byccount initially incomplete condensation, as well as the in-
neighboring particles. Quantitative evaluation of the atomidluence of vertical growth from direct impingement. As a
capture rates became possible because evidence was fouiggult: a best fit of all data was obtained with a difference
by EDX and image analysis that the heights of all the parAE=Ea—Eq of the atomic energies of adsorption and dif-
ticles were rather similar, namely about 1 nm soon aftefusion of 0.4(0.09 eV. Relying on the reported upper
nucleation, and increasing by direct impingement to aboufiMit Of the adatom lifetime of 10 ms at room temperattire,
1.5-2.0 nm at a substrate coverage of 40%, well in aCCOrt_he diffusion barrier on graphite would be smaller than 0.24
dance with estimates by other authérs? ev
Further, EDX measurements revealed initially rather in-
complete condensation on undisturbed substrate areas, wi 0B simi
nucleation densities of below 4@n? and dendritic growth plete at temperatures up 10 about 40 @swmlar value of
of particles. This corresponds to results from the Iiteraturef"‘boUt 0.4 eV has been found mrE,. but with E4 of the
where an initial condensation coefficient of below 5% isorder of 1.0 1t2° 1.2 eV, being valid at least for higher
reported® In contrast, condensation was found to be Com_temperature%'. It appears reasonable thak reflec_ts more
plete on disturbed areas, with ntijgnbne]g densities of finely disgrggﬂ?fg?’r:r:gt:ﬁqecnirbon atoms but less of their crystallo-
persed particles of the order of ‘T@nr. This appears rea- o . .
sonable, as the distances between particles are much smaIIerThe type and the.helght of the Ehrllch_—SchwoebeI barrler
than the mean adatom diffusion path length. Thus, thé:Ould not be det_ermmed frqm our analy3|§. However, It may
chances to escape capturing are extremely small. depend on the size and height of the particle. Also, the driv-

Despite the relatively fast increase of substrate coverag@g force for the particles to assume a thickness of the order

with deposition time, the contribution of direct impingement of 1 nm soon after nucleation is not definitely known. One

from the vapor beam to lateral growth was found not to beexplanation may be the large cohesive energy of Au. Due to

significant. Rather, the faster decrease of the lateral groth1e weaker binding of Au to graphite, the step-edge barrier

speed than of the capture area can be explainddeatively may be more easily_ overcome by adatoms at the edges pf the
slow) vertical growth, which seems to be determined by di_partlcles when their thickness is lower. Recent deposition

rect impingement alone. Vertical growth of the side faceseﬁlperlments ?ht eIevattehdkt_enlperatur:es atlhso |nd|ctar1]te fsuc?l an
with many kink sites allows more atoms to attach, such thatn uence on the growth kinetics, where the growth of wetl-
aceted, flat particles with similar heights is observed. De-

the lateral growth speed appears to decrease. iis will b ted in a forth :
Evidence was found for the existence of an energetic baf@!ls will be reported in a forthcoming paper.

rier at the particle edges, similar to an Ehrlich-Schwoebel
barrier at step edges of monatomic height, such that jumping
of adatoms up and on to the top face, or vice versa down to Thanks are due to Dr. J. A. Venables for fruitful discus-
the substrate, is not significant. Therefore, quantitative evalusions and for bringing further references to our attention.

It is interesting to compare these results with the case of
orphous carbon substrates, where condensation is com-
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