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AbStrnct. I1 is well known thal silver gmws epitanially on Si (1 l1&7 x 7. We deposited several 
monolayers of silver on silicon under w v  conditions (.p = 1 x mbar). Due to lhe perfect 
subsvate we were able to observe elechic mnduchon of one monolayer of silver. We made in 
situ measuremenu of the wnduclance during growth in the tempratwe range 50-130K. We 
show Ihal conduction starrs al a critical coverage less than a monolayer, and the critical coverage 
decreases for i n w i n g  deposition temperature. We discuss a permlation model and several 
possible guowth modes 

1. Introduction 

Percolation problems have been treated by various authors with theoretical approaches [ 1- 
71. Monte Carlo simulations [8] and experimental investigations [9-141. Several propelties 
describing the systems follow a power law near the percolation threshold [61. Most 
experiments deal with metallic grains in an isolating matrix with varying filling factors 
[%12]. Usually these grains are not well defined in shape and size, so that these systems 
cannot be attached to different lattice types. Experiments that are comparable to Monte 
Carlo simulations require the use of spheres with uniform size arranged within a periodic 
lattice geometry. A simple and perfect model is given by atoms arranged on the sites of a 
crystal lattice, but in three dimensions it is difficult to realize different filling factors in such 
a crystal. Filling the necessary voids with other atoms would solve these problems, but the 
physics becomes more complicated. In two dimensions, however, it should be possible to 
fill an increasing fraction 8 of surface sites with atoms until completion of a monolayer. 
Prerequisites for such an experiment are a perfect flat substrate (on an atomic scale) and a 
metal that grows epitaxially on this substrate. A substrate meeting these prerequisites in an 
almost perfect way is the S i ( l l l j 7  x 7 surface, which can be prepared and characterized 
easily under ultra-high-vacuum (UHV) conditions with average terrace widths of more than 
150nm 1151. A metal that is known to grow epitaxially on this substrate is silver [16]. 
At low temperatures it grows in (1 1 I )  layers [17] with no intennixing with the substrate 
[181. The geometry of the Ag ( I  11) plane corresponds to a two-dimensional triangular-site 
percolation problem. 

2. Experiment 

All preparations and measurements were done in a UHV system (base pressure 1 x 
10-I0mbar) as described elsewhere [19]. The substrates are squares of single-crystal 

0953-8984/93/182913+$07.50 @ 1993 IOP Publishing Lld 2913 



2914 S H e m  et a1 

Si(ll1) wafers (8000cm) with contact areas in the comers and notches on each side. 
The conductance is measured and evaluated according to van der Pauw [20]. The electrical 
contacts consist of 150nm MO deposited under high-vacuum conditions. After heating to 
1 W K  in UHV, the sample showed a bright 7 x 7 low-energy electron diffraction (LEED) 
pattem. With Auger electron spectroscopy (Am) no contamination of the surface, except 
for a small trace of carbon (- l%), could be detected. The MO contacts were covered 
with 50 monolayers (ML) of Ag, which was deposited in UHV to ensure good contacts 
between the MO and even the very thin films. The film thichess was monitored by a quartz 
microbalance, which was calibrated by comparing the measured temperature coefficient of 
the resistance of thick Ag films (> 100 ML) with bulk literature data [21]. We measured at 
t e m p e r a m  between 50-130K. 

3. Results 

The conductance of the sample was measured during deposition. The silver was deposited 
at a rate of about 1/20 ML per minute under UHV conditions. A schematic picture of the 
elechic connections is shown in figure 1. While a constant current flowed through the 
sample, the two-probe voltage U2, as well as the four-probe voltage Ud, was measured. 
The two-probe voltage measured the voltage drop over the whole sample, including all 
contact resistances, whereas the four-probe voltage measured the resistance in the centre 
portion of the sample without contact resistances. ' h o  typical curves are shown in figure 2. 
The starting value of the voltages is due to the substrate being illuminated by the silver 
evaporator. The silver film starts to conduct at a total coverage of about 0.9 r/a, which is 
called the critical coverage 0,. This is visible in a drastic decrease of both voltages. Similar 
curves have been measured for substrate temperatures from 50-130K. For evaluation, the 
conductance of the film was determined and a critical coverage according to (1) was derived 
as described in the following section. 

F l r c  1. Exprimental El-up for the wnduclance measure- 
ments. Thesizeofthesampleis 1 5 x 1 5 m z .  Theblackarea 
in the comers an the Mntlct area. L. -/ 

4. Discussion 

4.1. Derivation of the silverfdm conductance 
The advantages of the silicon substrate have already been discussed. but for electric 
measurements silicon has one handicap: it is not an insulator. So the measured voltages 
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Figure 2. The measured two- and four-pmte voltages for a current of 1 p A  (figure 2(n) and 
(b) respectively). Both voltages are measured simultaneously in situ during the silver deposition 
at 83 K (rate: 1/20 ML per minute). The onset of silver conductance is indicated with an arrow. 

contain contributions from two different paths: the silicon wafer conducts parallel to 
the silver film. Both planes are connected internally and externally via different contact 
resistances. A schematic picture of the parallel planes with the electric connections is shown 
in figure 3. With the help of the circuit diagram the silver resistance Ag is calculated from 
the measured voltages U,  and U,. The values of the silicon resistance, Si, and of its cantact 
resistances, H, are derived from the same voltages for coverages smaller than the critical 
coverage. For those small coverages the silver does not contribute to the conductance. The 
values of Si and H are assumed to be constant for all coverages. It is therefore possible 
to calculate unambiguously the two unknown resistances Ag and M from the two voltages 
U,  and U,. The constancy of the conductance up to more than half a monolayer of silver 
coverage is proof that there is no contribution of the space charge layer of the substrate to 
the conductance. The silver conductance (= l/silver resistance) derived from the results in 
figure 2 is shown in figure 4. It is given in units of Lw = e2/7arzh 4 1/(81 kQ). 

Figure 3. Schematic representation of resistances and measuring circuir The silver resist” 
Ag and the m e a  contact resistances M are calculated from the measured voltages U, and U,. 
The silicon resistance Si and its contact resistances H are derived from the same voltages BS 

for the uncovered silicon. 
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4.2. Percolation 

Percolation theory predicts for the conductance G near the percolation threshold (= critical 
coverage &), a behaviour following a power law 

G(6) 0: (6 - Oc)' for 6 >. 6, (1) 

with an exponent t depending on dimension. Accordingly, the critical coverage 0, has been 
derived using all available data. To check for shortcomings of the evaluation procedures, 
the measured values of U2 and U, have been used directly for the determination of 6,. All 
data are shown in figure 5. To check the validity range, the silver conductance as shown in 
figure 4 is presented in a log-log plot against the reduced coverage (0 - 6,)/& in figure 6. 
Values following a power law (0 -&)' give a straight line. The silver conductances near the 
critical coverage show large error bars in the logarithmic plot, because their magnitude is 
close to the noise amplitude. These points are nevertheless important for the determination of 
the critical exponent, because the power law is only expected close to the critical coverage. 
The conductance can be fitted with a straight line up to (6 - 6,)/e, FZ 0.2. For higher 
coverages a deviation from the power law is visible. The vahes for the power-law exponent 
t scatter strongly (from t = 0.5 to t = 3). with large error bars (in some cases up to loosrO), 
but they show no dependence on deposition temperature. Averaging, the foUowing value is 
derived: 

t = 1.36 f 0.25. (2) 

Percolation theory gives for two dimensions a value f RZ 1.3 [3], and for a triangular lattice 
6, = 0.5 [6]. The value of the critical coverage will be discussed later. The agreement 
between the theoretically predicted exponent and the value found experimentally indicates 
that we found a percolation threshold in two dimensions, as expected from the geometry of 
the problem. 

8 

8 .  
0 8  - 0  

v) 0.7 

w e r a g e  0 CMLl temperature T CKI 
Figure 4. The silver conductance (=Itsilver resistance) 
delermined fmmm the measured voltages shown in 
figure 2. The conductance is given in uniu of LW = 
e2/2n2R a 1/(81 kQ). 

Flpre 5. The temperahue dependence of ule critical 
coverage 0,. i.e. the coverage at which the silver 
conduction starts. 

The deviations from the power law for coverages higher than (6 - 6,)/0, = 0.2 can be 
understood in terms of effective medium theory (EMT) [5 ] .  This theory predicts n 0: 6'-6:. 
As shown in figure 7, our measurements can be fitted with this theory. It is well known 
that EMT overestimates the critical coverage 0, [SI. This feature can be found in our fits, 
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Figure 6. A log-log plot of silver condudawe against 
r e d d  coverage. The shaight line indicates Ihe best 
fit for a power law c(e) U (e - 4)' with e, = 0.9 ML 
and I = 1.23 (data from figure 4). 

F o r e  7. The silver conductance against lhe square 
of the coverage. Tbe shaight line indicates the best fit 
for a quadratic dependence of the conductance. r" the 
coverage for high coverages. 

too. So the correct explanation for the higher coverage measurements ((0 - 0,)/& w 0.2) 
is given by Em. This interpretation is supported by a Monte Carlo simulation [SI: in this 
paper the conductivity U for different filling factors 0 is simulated on a triangular lattice. 
In agreement with our measurements they found a power law for (6 - 6,)/8, c 0.2 with 
an exponent t = I .23 0.04. For higher coverages the Monte Carlo values did not fit to a 
power law, but they did fit with E m .  

As already mentioned percolation theory predicts for the two-dimensional triangular-site 
percolation a critical coverage of 6, = 0.5. In our case the measured values lie in a range 
f" I h u  at 50 K to 0.75 ML at 110 K. This tempemlure dependence points to a difference 
in atomic arrangement close to the coverage 6,. Two models may describe this effect The 
lower the temperature the more disordered the film should be; therefore, a higher coverage 
is needed at lower temperatures to provide a measurable conductance. This model may be 
disregarded since the ffim pattern shows, for all temperatures, an epitaxial structure with 
no dramatic increase of defects at lower temperatures [17]. A lower &er mobility due to 
localization of the electrons should not influence the critical coverage.. 

A second model may ask for a temperature-dependent growth mode. It is reported for 
metals such as Cu [22], Pt 1231 and Ag [24] that, for a given temperature range, diffusing 
single atoms may not cross a step edge due to a potential banier. If this temperature limit 
(which is not yet determined for a monolayer Ag on Si) is around 80K, a monolayer will 
completely spread on Si for all higher temperatures. For lower temperatures. however. a 
higher total coverage is needed for the same coverage in the first layer. This effect could 
easily describe the temperature dependence. A direct structural measurement to prove the 
validity of this model is still missing. 

On the other hand, the model does not describe why more than half a monolayer 
is needed for percolation. The theoretical model requires a random deposition onto lattice 
sites. with no mobility afterwards. For hetermpitaxial growth with the silver lattice constant, 
a surface diffusion definitely occurs so that epitaxial islands are formed. Their diameter 
is of the order of lOnm 1171. The larger the islands (with non-wetting edges), the higher 
the coverage in the first level has to be for percolation. Special measurements (like in situ 
low-temperature. scanning tunnelling microscopy) are needed to check those considerations. 
Also open is the question of whether a single-atom chain, or a chain with a width of only a 
few atoms, may provide a conducting path between epitaxial islands. Such an effect would 
also increase the critical coverage. 
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5. Conclusion 

We showed that, using a very smooth substrate, electric Dc conduction of less than a 
monolayer of silver is possible. The onset of conduction can be described within the 
framework of percolation theory. A more detailed understanding of the atomic processes 
on the surface would require more shuctural information about the atomic arrangement, 
obtained either with diffraction methods, like spot-profile analysis of LEED. or with 
microscopic methods, like scanning tunneliig microscopy, which have to be done in situ 
at low temperatures. 
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