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Abstract 

We study the evolution of layer morphology during the early stages of metal chemical 
vapor deposition (CVD) onto Si(lO0) via pyrolysis of Fe(CO)5 below 250°C. Scanning 
tunneling microscopy (STM) shows that nuclei formation is limited by precursor 
dissociation which occurs on terraces, not at step sites. Also, the average size of clusters 
formed during CVD is larger than for Fe growth by evaporation (a random deposition 
process). Based on STM data and Monte Carlo simulations, we conclude that the CVD- 
growth morphology is affected by preferential dissociation of Fe(C0)5 molecules at 
existing Fe clusters - an autocatalytic effect. We demonstrate that nucleation kinetics can 
be used to control formation of metal nanostructures on chemically tailored surfaces. 
Reactive sites on Si (001) are first passivated by hydrogen. H atoms are locally removed 
by electron stimulated desorption using electrons emitted from the STM tip. Subsequent 
pyrolysis of Fe(C0)5 leads to selective nucleation and growth of Fe films in the areas 
wher H has been removed. 

Keywords: Chemical vapor deposition, surface chemistry, nucleation, morphology, 
scanning tunneling microscopy, silicon, iron 
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The fabrication of thin-film structures often relies upon controlling or 
manipulating the processes of nucleation and growth. Therefore, it is critical to have an 
understanding of atomic-scale events taking place during the earliest stages of deposition. 
In the past, most atomistic studies of thin-film morphology have focused on growth by 
molecular beam epitaxy (MBE). l-5 These investigations typically involve monitoring the 
temporal evolution of certain morphological features, such as islands in the submonolayer 
coverage regime, and kinetic processes affecting MBE growth are identified by comparing 
the morphology for different substrate temperatures and deposition rates. These studies 
have contributed greatly to the understanding of MBE. However, less emphasis has been 
directed at characterization of other growth techniques, in particular, the development of 
film morphology during chemical vapor deposition (CVD).6-11 

It is not surprising that only a small amount of experimental work7-* 1 has focused 
on the development of morphology during CVD, considering the complex nature of this 
growth technique. In conventional condensation theory, nucleation rates are limited by 
energetic barriers associated with the formation of critical-size nuclei, while morphology 
is controlled by adatom mobility.12 In contrast, CVD may involve additional processes, 
which may control both formation of nuclei and the evolution of structure. Adsorption, 
desorption, site-specific chemical reactions, and transport can each affect film structure 
during CVD, depending on the deposition parameters. Furthermore, growth may involve 
several species including precursor molecules, adatoms, and dissociation fkagments. 

In this letter, we present a study of a model CVD system: Fe deposition on 
Si(100) by pyrolysis of Fe(C0)j. The goal of this work is to understand how various 
kinetic processes affect film morphology in a system controlled by chemical reactions. 
Using scanning tunneling microscopy (STM), we monitor the nucleation sites and make 
detailed measurements of the cluster density and the average cluster size as a function of 
coverage and substrate temperature. We identi@ the important kinetic processes 
affecting morphology by making comparisons of the CVD grown films to those grown by 
Fe evaporation and by use of kinetic Monte Carlo simulations. 

This reaction is known to be relatively clean, for no C or 0 has been detected using Auger 
electron spectroscopyl3~ 14 and x-ray photoelectron spectroscopy15 after exposing 
Fe(C0)s to hot Si substrates fixed at the same temperatures used in this work. 
Furthermore, several key kinetic parameters have already been determined such as the 
activation energy for desorption of Fe(C0)j precursor molecules16~17 and the activation 
energy for dissociation on an Fe ~urface.1~ This makes attempts to model the kinetics of 
growth tractable. Also, identifiable changes in the initial growth morphology are 
expected to develop over a range of low substrate temperatures, at which the relative rate 
of silicide formation may be small and the surface mobility of Fe atoms on Si should be 
low. 

The experiments involve depositing Fe layers within an ultra-high vacuum (UHV) 
system equipped with a scanning tunneling mkroscope.18 Si(lO0) samples (n-type (P), 
0.1-1 .O W-cm) are annealed to 1250°C in-situ to remove the surface oxide and impurities. 
The substrates selected for subsequent deposition have less than -1 0% “vacancy-type’’ 
surface defects with no evidence of extended (2 x n) defects. Before growth, the Si 
samples are equilibrated 1 hour at a temperature below 25OOC.19 A freshly distilled 

We choose to study the pyrolysis of Fe(C0)j on Si(lO0) for several reasons. 
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Fe(CO)5 source is loaded onto the vacuum system during this temperature equilibration 
step. The source is freeze-pumped to remove impurities and then allowed to warm to 
room temperature. A controlled partial pressure of Fe(CO)5 is introduced into the 
vacuum system using a UHV leak valve. In the current work, we used one of two 
different pressures: 1 ~ 1 0 - ~  Torr or 5x10-8 Torr.20 Films are also deposited onto clean 
Si( 100) substrates by Fe evaporation for comparison to CVD growth. The evaporation 
source consists of a W filament wrapped with an Fe ribbon. 

Images are deemed suitable for measurement if Si dimer rows and steps are easily 
identified. A11 images analyzed in this work were taken using a sample - tip bias of - 2.5 
V and a tunneling current of 0.15 nA. For the purpose of determining coverage, we 
assume that the bright features shown in STM images are clusters of Fe atoms. Individual 
atoms within a cluster are not clearly resolvable. The average cluster size measured from 
numerous STM images is expressed in A*. The film coverages measured using STM in 
this way are within a factor of three of quantitative measurements using heavy ion 
backscattering spectrometry.21 

displayed in Figs. 1 .a. and 1 .b. These images show Si surfaces after exposure to 0.5 and 
5.0 Langmuirs of Fe(C0)5 (substrate maintained at 215°C). At low coverages, the 
morphology consists of isolated clusters distributed on Si terraces, showing no preference 
for nucleation at steps. The cluster nucleation rate is very sensitive to substrate 
temperature. In Fig. 2., we plot the cluster density versus exposure for different growth 
temperatures, covering a range of -100°C. In addition, no reaction is observed after 
lengthy exposures (-1OOL) at 30°C. This behavior is typical of thermally activated 
chemical reactions and indicates that formation of new nuclei is rate limited by 
dissociation of the precursor molecules on the surface. We also find that the average 
cluster size increases with coverage, as can be seen in a comparison of Figs. 1 .a. and Fig. 
1 .b. The cluster density and average size remains unchanged after lengthy post-growth 
anneals for all coverages, i.e. no coarsening occurs at temperatures less than 250°C. 

In order to elucidate the role of processes that involve the chemistry of the 
precursor, we performed experiments in which Fe was simply evaporated onto Si(100) 
substrates at the same growth temperatures. In evaporation, Fe atoms are deposited 
randomly on the surface. As can be seen in Fig. 1 ., the morphology developed during 
evaporation is different from CVD growth. Namely, a smaller average cluster size is 
consistently found on samples grown by evaporation - summarized in Fig. 3. The slow 
increase in the cluster size of evaporated films with dose and the fact that the islands do 
not coarsen, suggests that Fe adatoms are immobile at these temperatures. 

The difference between the CVD and evaporation morphologies arise from 
thermally activated processes specific to the chemistry of the precursor. In particular, we 
find that there is a differential dissociation probability such that the precursor dissociates 
preferentially at an existing nucleus (an autocatalytic effect). 

show that a differential reaction probability is necessary to produce large islands for CVD 
growth.22 Fe(C0)5 molecules arriving on top or at the edge of an existing island, either by 
diffusion of a mobile precursor or by direct impingement, must have a higher dissociation 
probability than those precursor molecules arriving at Si substrate sites to obtain the 

The morphology characteristic of CVD growth at temperatures less than 250°C is 

We have employed kinetic Monte Carlo simulations of the growth process to 
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experimentally observed structure. This is true regardless of whether or not we allow 
the weakly-bound precursor molecules to be mobile. In the simulations we assume that 
the activation energy for dissociation on Si is - 3x greater23 than the activation energy for 
dissociation onto a preexistant Fe cluster, previously measured to be 0.14 eV.13 The 
barrier to dissociation on the Si surface used in the simulations is a rough estimate taken 
from the STM data. The difference in island morphology generated by preferential 
dissociation is shown in Fig. 4. In this fiw, the island morphology at similar coverages 
is contrasted for the case of differential dissociation probability (Fig. 4.a. and 4.b.) with 
that assuming uniform dissociation probability (Fig. 4.c. and 4.d.). The autocatalytic 
behavior results in an incubation period followed by rapid linear growth, as observed in 
bulk CVD  experiment^.^^ Uniform dissociation probability produces a larger density of 
small islands, similar to the experimental observations for Fe evaporation. 

involving the precursor transport mechanism(s). Two different mechanisms that may 
affect morphology are considered. This includes transport fiom the gas phase and the 
process of molecular surface difhsion. In the first case, the precursor either dissociates 
upon impact, or does not stick and is simply reflected from the surface. In the second, a 
large fraction of physisorbed Fe(C0)5 molecules difise and either dissociate or desorb. 
We consider the case for having mobile carbonyl molecules because previous thermal 
desorption measurements of Fe(CO)5 from Si indicate an activation barrier for desorption 
of only 0.35 eV,17 suggesting a very weakly-bound short-lived molecular precursor, with 
very low steady-state coverage during exposure. 

In the simulations, we assume that the activation energy for surface diffusion of 
the precursor is about 1/5 that for desorption and calculate the average number of hops 
the molecule takes before it either desorbs or dissociates. The simulations demonstrate 
that the precursor residence time and average diffusion distance increase with decreasing 
temperature. This result arises from the fact that although the diffusion rate decreases at 
lower temperatures the desorption rate decreases more rapidly so that the precursor 
makes on average more hops before desorbing. This leads to a larger island size at lower 
temperatures, which is opposite to the usual temperature dependence of island size found 
during MBE growth. We also investigated the effect of direct impingement and 
dissociation of the precursor without physisorption and diffusion. In this case, the 
differential dissociation probability due to the nature of the landing site is responsible for 
island growth. The simulations indicate that this mechanism should also lead to larger 
islands at lower temperatures, due to the autocatalytic effect. 

At this time, the experimental evidence is insufficient to determine which of these 
two transport mechanisms is affecting morphology. It is difficult to identify the presence 
of a mobile precursor species because the same general trends are predicted from 
simulations (i.e. a larger average cluster size for autocatalytic growth and an increase in 
cluster size with decreasing temperature are predicted to occur with or without a mobile 
precursor species present). In addition, the STM data in this work show no obvious 
temperature dependence to the island morphology when comparing images at similar 
coverage.(Fig. 3.) There is a marked change in the nucleation rate with temperature, as 
shown in Fig. 2. However, this is due to the activated precursor dissociation process, 
rather than an adsorption-diffusion-dissociation process. The lack of a temperature 

We also use Monte Carlo simulations to test for more subtle kinetic effects 
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dependence for the island morphology in these experiments could be due to the rather 
large errors associated with measuring island size. Perhaps the mobile precursor is so 
weakly bound and the activation energy for diffusion sufficiently small that over the 
limited temperature range studied here, effects due to precursor mobility are not 
resolvable. 

Preliminary analysis of the simulated island size distributions suggests that there 
may be differences for the mobile precursor versus the direct impingement mechanism. 
Direct impingement results in continuous nucleation in uncovered areas of the substrate, 
while a mobile precursor mechanism results in a denuded zone around existing islands due 
to incorporation at island edges. This leads to a larger number of small islands for direct 
impingement and is the subject of fbture work. 

substrate for precise control of film growth and structure. As an example we have 
demonstrated selective area growth of metal nanostructures by control of nucleation 
kinetics. From the above studies we have shown that reaction of the Fe(CO)5 molecular 
precursor occurs primarily at dangling bond sites associated with Si dimers on the (100) 
surface, and that reaction on existing Fe clusters is even more favorable. Then nucleation 
can be controlled by controlling the availability of Si dangling bond sites. Dangling bond 
sites are first passivated by adsorption of atomic hydrogen. H atoms are then desorbed 
locally by electron stimulated desorption. In this process, electrons field emitted from the 
STM tip in close proximity to the sample cam defme a feature with linewidth less than 10 
nm. This exposes reactive dangling bond sites on the surface which can serve as Fe 
nucleation sites. Following H stripping the sample is heated and exposed to Fe(CO)5 at 
275 Cy resulting in localized nucleation of Fey shown in Fig. 5. 
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List of Figures 

Fig. 1. 3 1 OA x 3 lOA STM images of Fe layers grown at 215°C onto clean, reconstructed 
Si( 100) by chemical vapor deposition (a. and b.) and Fe evaporation (c. and d.). All 
images were taken using a bias of -2.5 V and a tunneling current of 0.15 nA. 

Fig. 2. Plot of cluster density as a function of exposure for three different substrate 
temperatures. The nucleation rate is very sensitive to substrate temperature. 

Fig. 3. Plot of the average cluster size that develops during growth by CVD vs. 
evaporation. For equal areal coverages, a larger average cluster size develops during 
growth by CVD. The lines are guides to the eye. Each point is the average measured 
from 10 images. A few error bars (characteristic of all data) are shown in the plot, which 
represent the scatter in average cluster size taken from different areas on the same sample. 

Fig. 4. Simulated CVD cluster morphology for coverages of - 0.07 and 0.25 ML showing 
the effect of differential dissociation probability (a, and b.) versus the effect of a uniform 
dissociation probability (c. and d.). We assume that physisorbed precursor molecules are 
mobile in each. Note, Figs. c. and d. are equivalent to the simulated morphology for 
growth by Fe evaporation. 

Fig. 5. Selected area growth of Fe on H-passivated Si( loo), where adsorbed H atoms have 
been locally removed by electron stimulated desorption. Nucleation is confined to areas 
where H has been removed. 
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