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Direct Observation of Long-Range Assisted Formation of Ag Clusters on Si�111�7� 7
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Formation of Ag clusters on reconstructed surface Si�111�7� 7 was for the first time observed in real
time during deposition by means of scanning tunneling microscopy. The sequences of images taken at
room temperature show mechanisms controlling the growth and behavior of individual Ag adatoms.
Obtained data reveal new details of attractive interaction between adsorbates occupying adjacent half-unit
cells of the 7� 7 reconstruction. Time evolution of growth characteristics was simulated by means of a
simple model. The growth scenario observed in vivo is discussed with respect to previously reported
models based on data obtained after finishing the deposition—post-mortem.
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Processes which control nucleation and thin film growth
have been a subject of basic materials science research for
decades. Preparation of ordered nanostructures using self-
assembling of growing objects [1] is a promising alterna-
tive approach in nanotechnology. Growing laterally or-
dered metal structures on the silicon surfaces is of utmost
practical importance due to ubiquitous use of silicon in
microelectronic industry. The surface Si�111�7� 7 con-
sisting of large (2.7 nm) triangular half-unit cells (HUC’s)
of two different types [faulted (F-HUC’s) and unfaulted
(U-HUC’s)] represents a natural template for growing
arrays of identical ordered metal clusters [2,3]. Further
development of techniques for manufacturing desirable
structures deeply depends on detailed understanding of
mechanisms controlling growth for particular combination
of materials. Studying growth processes on atomic level is
inevitable for such a purpose. The scanning tunneling
microscopy (STM) provides unique, real space imaging
of the surface with atomic resolution. It has been widely
used for studying morphology of surfaces and grown
structures for two decades.

Most of STM data on growth were obtained by in situ
experiments in ultrahigh vacuum (UHV) in the following
way: the growth was interrupted, a grown sample quenched
and finally transferred to a position suitable for STM
measurements [mostly at room temperature (RT)]. The
obtained data—images of film structures at various stages
of growth—were influenced by structure relaxation during
the quenching and a time interval before the STM mea-
surement. Information on growth kinetics can be obtained
indirectly; general tendencies are estimated only. Another
successful application of STM technique is direct obser-
vation of dynamics of thermally activated processes—
surface diffusion [4–6] and phase transitions [7,8]. Such
experiments require stability of an STM system in desired
temperature range and sufficient scanning speed.
Temperature is used to control rates of the observed pro-
cesses. The other challenging step in STM utilization is
direct observation of surface during deposition of material.
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In this case, a scanning STM tip represents a natural
obstacle for the flux of the deposited material which results
in a screening effect. First experiments on direct STM
imaging of film growth (in vivo) were focused on epitaxial
growth of semiconductor materials at higher temperatures
[9,10]. The screening effect of an apex of a scanning STM
tip [11] was partially eliminated by enlargement of
scanned area (typically hundreds nm). Sufficiently high
mobility of adatoms deposited at higher substrate tempera-
ture, when a mean free path of diffusing adatoms is com-
parable with a tip apex radius, further improves
compensation of the tip screening. Island growth dynam-
ics, attachment and detachment of adatoms at ‘‘stable’’
positions were observed excellently [12]. However, the
mobile adatoms cannot be imaged by STM—its move-
ment is too fast with respect to STM scanning speed.

Studies of growth at submonolayer coverage were re-
ported for particular metals [2,3,5,13,14] and even for bi-
metallic combination [2]. Information on morphology of
grown nanostructures and its evolution at various stages of
the growth were obtained by in situ STM at RT after several
hours delay and relaxation of grown structures. Different
growth models, based on interpretation of in situ STM
experiments, describe metal growth kinetics at very low
coverages [13–15]. Diffusion parameters of metal adatoms
have been obtained independently—from direct observa-
tion in STM [4,6].

Here we present STM experiments which—according
to our knowledge—for the first time reveal individual
behavior of adatoms during deposition of metal on the
Si�111�7� 7 surface, process of nucleation, and island
growth at early stages of heteroepitaxial growth at RT.
Direct STM observation of growth during metal deposition
provided a movie showing dynamics of processes partic-
ipating at growth.

Experimental.—STM measurements presented here
were performed at RT when intercell mobility of diffusing
Ag adatoms is sufficiently low [4]. A noncommercial UHV
STM system developed by two of authors was used at
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FIG. 1 (color online). Detail of STM image (13� 11 nm2)
showing different objects on the surface: monomers (1), dimers
(2), and larger clusters (> 2). Deposited amount of Ag
�0:6 atoms=HUC.

PRL 95, 146101 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
30 SEPTEMBER 2005
experiments. The surface was scanned with a rate of 1
image per minute. Si(111) substrates (Sb doped, n-type,
resistivity 0:005–0:01 � cm) were used. The 7� 7 recon-
structed surface was obtained using a standard flashing
procedure. Ag was deposited on the scanned surface
from a miniature tungsten wire evaporator at a distance
of 4 cm. A beam of the Ag atoms was defined by means of
two apertures (1 mm diameter). Incidental angle of the
deposited flux was 30�. The apex shape of a tungsten
electrochemically etched tip allowed the deposition of
the Ag atoms ‘‘under’’ the STM tip scanning an area of
40� 40 nm2.

The deposition rate was set to a relatively very low value
of the order 10�5 ML=s (monolayer, 1 ML � 7:54�
1014 atoms=cm2). Temperature of the evaporator has
been stabilized with negligible delay after switching on
the heating current. The thermal drift due to radiation of
the evaporator was eliminated by an STM control unit
during the whole sequence of STM images covering 2–
3 hours of the deposition �0:1 ML of Ag. We used the tip
voltage �2 V; the tunneling current <0:35 nA did not
affect intercell hopping of Ag adatoms [see Ref. [4] ].

Results.—The following Ag objects can be reliably dis-
tinguished on STM images (Fig. 1): monomers (single Ag
adatoms) appearing as highlighted triangular HUC’s due to
fast motion of an Ag adatom inside the HUC [16]; dimers,
with a pattern of a bright spot in the position of three Si
adatoms central with respect to HUC [16] and clusters
composed of more than two Ag atoms (a number of Ag
atoms contained in larger clusters cannot be specified
F-HUCa b

FIG. 2 (color online). Images of the same area taken during deposi
the beginning of growth. Image size 40� 30 nm2. The complete se
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accurately on the images at RT [16]). Figure 2 shows
evolution of Ag adsorbate on the surface during deposition
from monomer population [Fig. 2(a)] to the population of
larger clusters [Fig. 2(d)]. Sequences of hundreds of STM
images were used for direct identification of atomic pro-
cesses on the surface. After heating up the evaporator Ag
atoms impinge on the sample surface [Fig. 2(a)]. Because
of the screening effect of the STM tip the evaporation flux
cannot be uniform along the whole scanned area. However,
very low gradient of density of occupied HUC’s indicates
that the very end of the tip has a small diameter of about
tens of nanometers (observation of similar tips in a trans-
mission electron microscope showed the tip apex radius of
10–20 nm).

The most important atomic processes observed are hops
of Ag adatoms between neighboring HUC’s (Fig. 3). The
hops to HUC’s occupied by single Ag atoms are very rare
at RT (< 5 events during several hours of observation of an
area of � 1000 nm2) as well as the hops to unoccupied
neighboring HUC’s. The most frequent process is a hop
from the HUC occupied by a single Ag atom to the
neighboring HUC with a cluster of at least 2 Ag atoms. It
indicates a kind of attractive intercell interaction of the Ag
adsorbate. Surprisingly, we found several times a configu-
ration corresponding to hops of a dimer to an adjacent
occupied HUC. However, we cannot exclude such process
being composed of two separated hops of single Ag atoms.

The attractive intercell interaction can be quantified in a
simple way: when the total number of the Ag atoms in
positions allowing hops to adjacent HUC’s containing at
least 2 Ag atoms is n0, the number n of the atoms hopping
within a time interval t is given by an equation n � n0	1�
exp��t=��
, where � is the mean lifetime of an Ag atom in
a HUC adjacent to the HUC occupied by an Ag cluster of 2
or more atoms. An analysis of image sequences showed
that for n0 � 50 suitable positions, 30% or 50% of Ag
atoms hop within 3 or 5 min, respectively. It corresponds to
a value � � �8� 4� min . Effective activation energy E of
the process is given by the equation � � ��1

0 exp�E=kT�,
where k is the Boltzmann constant, T is the sample tem-
perature, and �0 is the frequency prefactor. The value of the
activation energy is E � �0:78� 0:02� eV when using the
value �0 � 5� 1010 s�1 [an average of experimentally
dc

tion after (a) 7 min, (b) 12 min, (c) 24 min, and (d) 92 min from
quence is available on the World Wide Web [20].
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FIG. 4. Time evolution of HUC occupation with respect to
monomers and dimers. Diamonds—experimental data, dashed
lines—a simple kinetic Monte Carlo model, solid lines—hit and
stick model, calculated from Eqs. (1)–(3).
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FIG. 3 (color online). Two consecutive images (20� 16 nm2,
interval 1 min) showing details of hopping events. Inside the
triangle two monomers jump to one of the neighboring larger
clusters; inside the circle a dimer moved to a monomer.
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obtained values of prefactors for jumps of monomers out of
F-HUC’s and U-HUC’s to an empty HUC [4] ].

Two qualitatively different growth regimes can be dis-
tinguished on sequences of STM images taken during the
deposition at room temperature: (1) hit and stick (HS)
mode—when a relative number of occupied HUC’s is
<0:5 no hops of Ag adatoms are observed and the atoms
remain at positions of impingement. It is in agreement with
long lifetimes �F, �U of monomers with no clusters in
neighboring HUC’s: �F � �6� 2� � 104 s, �U �
�3:5� 2:0� � 103 s [reported in Ref. [4] ]. The time evo-
lution of HUC occupancies obtained from STM image
sequences can be compared with a solution of the set of
differential equations:

d�1=dt � �R�1� �� � �R�1; (1)

d�2=dt � �R�1 � �R�2; (2)

d�>2=dt � �R�2; (3)

where �i represents relative occupancy of HUC’s contain-
ing i Ag atoms (�i � ni=m, ni is number of HUC’s occu-
pied by i atoms, and m is the number of all HUC’s), � is
relative occupancy of HUC’s occupied by deposit, � �
�1 � �2 � �>2, R is a deposition flux in ML=s, and � �
23:64 is a constant equal to number of atoms in ML of Ag
per HUC area. The mean value of the flux was estimated
from the best fit of the experimental data (Fig. 4) as �3:0�
0:5� � 10�5 ML=s. (2) When clusters containing >2 Ag
atoms begin to appear in HUC’s adjacent to those with
monomers (at relative number of occupied HUC’s � 0:5)
intercell hops stimulated by Ag clusters start to influence
the growth. In this regime the relative coverage increases
rather slowly in comparison with the HS regime. Deposited
atom impinges with high probability either on an occupied
HUC or on adjacent HUC’s and hops within several mi-
nutes to a HUC occupied by an Ag cluster. In this regime
the preference in occupation of F-HUC’s (ratio between
the occupied F-HUC’s and all occupied HUC’s) increases
up to the final value of � 0:6 which reflects the difference
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between energy barriers for hops out of F-HUC’s and U-
HUC’s, respectively.

The observed growth has been simulated by a simple
kinetic Monte Carlo (KMC) model with HUC’s as the
smallest units. The only considered processes are deposi-
tion (random impingement) and thermally activated hops
of monomers to clusters containing  2 Ag atoms. The
hops to clusters of different size were not distinguished.
When the fixed value of a frequency prefactor is used,
�0 � 5� 1010 s�1, the model contains only two parame-
ters to be fitted: EF, EU—barriers for hops to a cluster
from F-HUC and U-HUC, respectively. The corresponding
hopping rates can be calculated as �F;U �
�0 exp��EF;U=kT�. Results of the KMC simulations are
shown in Fig. 4. The best fit of experimental data has been
obtained for the barrier energies EF � �0:71� 0:02� eV
and EU � �0:76� 0:02� eV. The values are in a very good
agreement with the effective value of the activation energy
estimated from the simple analysis of the monomer mean
lifetime � in HUC’s adjacent to a HUC occupied by the Ag
cluster. The values are lower than barriers for hops to
unoccupied HUC’s obtained experimentally in Ref. [4].
The differences, which are 0.10 eV for hops out of F-
HUC and 0.17 eV for U-HUC, respectively, quantitatively
express influence of clusters in neighboring HUC’s on the
hopping rate of single Ag adatoms.

The observed behavior of Ag adatoms shows clearly
interaction between metal adsorbates resulting in prefer-
ential hops of an adatom toward first-neighboring HUC’s
occupied by metal clusters. The clusters modifying surface
mobility have to contain at least 2 Ag adatoms.
Surprisingly, the interaction between Ag monomers in
adjacent HUC’s is negligible at RT. A kind of intercell
interaction among metal adsorbates has been indicated by
existence of capture zones observed in grown structures on
the reconstructed 7� 7 surface [Ag [13,17], Pb [5], Y [14],
In [2], Tl [3] ]. At RT, STM observation of mobile adsor-
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bate showed that Pb adatoms hop faster into adjacent
occupied HUC’s than to empty ones [5]; in the case of
Sn only jumps to occupied (monomer) neighboring HUC’s
were observed [18]. The data reported here agree with
models for metal adatom surface mobility with hopping
barrier reduced by the attractive nonlocal intercell interac-
tion between adsorbates. The model of cooperative diffu-
sion proposed in [14] and discussed in [15] explains well
growth characteristics obtained from STM measurements
on relaxed structures. The new data obtained here by STM
during deposition show that the interaction among adsor-
bates, at least in case of Ag at RT, is more complex than
situation described by the previous models.

The in vivo data show that the growth at RT and very low
deposited amount (< 0:025 ML, HUC occupancy � 0:5)
can be approximated by the hit and stick regime. It could
not be revealed by standard STM in situ measurements and
has not been admitted by previous models. A problem of
how to explain the preference in occupation of F-HUC’s
generally found for all studied metals at low coverage was
solved in one of models by introducing a mechanism of
transient mobility which allows hops of deposited adatoms
immediately after arriving on surface [13]. The mechanism
of cooperative diffusion based on interaction between
adsorbates was successfully used in simulation as well
[14]. Both models and modifications discussed elsewhere
[15] supposed the preference in occupation of F-HUC’s
arising during the deposition. We have tested that the
preference at very low coverage can be entirely explained
by deposit relaxation during 2–3 hours before STM
observation.

The growth models used previously for simulation of
metal heteroepitaxial growth on the Si�111�7� 7 surface
were focused on intercell mobility of deposited adatoms
[coarse grained models [13–15,19] ] and were successful in
simulation of integral growth characteristics obtained from
STM measurements at various substrate temperature, de-
position flux, and deposited amount. They provided micro-
scopic parameters of intercell hopping, size of a stable
cluster [13], and capacity of HUC’s for accommodation
of Ag adatoms [19]. The new experimental results pre-
sented here show all the models suffered by insufficient
description of processes controlling growth at early stages.

Conclusions.—The metal adsorption, diffusion, and
cluster nucleation were for the first time directly observed
by STM during the deposition at room temperature on the
reconstructed Si�111�7� 7 surface. The in vivo observa-
tion revealed the hit and stick regime of growth up to a
relative coverage � 0:5 followed by formation of clusters
via monomer mobility released and controlled by the aris-
ing clusters. The measured growth characteristics were
interpreted by a simple model covering observed growth
regimes. The KMC simulation of cluster formation pro-
vided values of hopping barriers between HUC’s which
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reflect barrier height reduction expected due to the nature
of an attractive interaction between metal adsorbates. The
in vivo STM observation of growth during the deposition
provides image sequences containing direct information on
kinetics of surface processes and time evolution of deposit
morphology. It allows us to specify details of growth model
with incomparably higher accuracy than by using the
standard STM in situ observation.

The work is a part of the research plan MSM
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Education of Czech Republic and partly was supported
by Projects No. GACR 202/03/0792 and No. GAUK 307/
2004/B.
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