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Abstract

Ultrathin films of Ag grown on Mo(111) and vicinal surfaces have been studied using temperature programmed
Auger, LEED and thermal desorption spectroscopy. We confirmed that Ag does not induce faceting of Mo(111) and
growth of Ag follows the Stranski-Krastanov mode as reported previously. In addition, we found that (1) on top of the
wetting layer; there is a two-dimensional (2-d) gas-like phase in coexistence with the Ag 3-d clusters. The density of this
gas increases with temperature and can reach a very high value of about 0.8 monolayer at 900 K. (2) 2-d films deposited at
120 K show an anomalous coverage dependent stability against 3-d cluster formation. (3) If the total coverage is not
more than 0.3 monolayer above the wetting layer, the film deposited at low temperature is unstable and 3-d clusters
readily form when annealed around 450 K. However, once annealed to 750 K, the 3-d clusters fully re-spread and the
2-d film formed is trapped in a supersaturated state, i.e. although its coverage is larger than the wetting layer, cluster
formation no longer occurs whatever way we anneal it. Auger and LEED evidences suggest that films annealed above 600
K undergo interface confined mixing of Ag and Mo. (4) On the vicinal surface we studied, although nucleation of
3-d clusters can occur at a temperature 50 K lower than that on the singular surface, the density of the 2-d gas-like phase
on the vicinal surface is basically the same as on the singular surface. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Surface thermodynamics (including phase transitions); Faceting; Thermal desorption; Wetting; Auger electron
spectroscopy; Molybdenum

1. Introduction

The bimetallic system of Ag/Mo(111) is of in-
terest for two reasons. First, it has been found
experimentally that the capability of different ad-
sorbates to induce facet formation of W(111)[1,2]
and Mo(111) [3] is correlated to the Pauling
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electronegativity (PE) of the adsorbates. It has
been further proposed [4] that the PE of the ad-
sorbate be correlated with the adsorbate enhanced
surface energy anisotropy of Mo(111), which
drives the facet formation process if the enhanced
anisotropy is large enough. However, more recent
photoemission study [5] indicates there is no clear
correlation between interface W 4f;/, binding en-
ergy and PE. Thus, it remains a mystery how the
electronegativity gets into play. Au and Ag are
adsorbates of rather similar chemical property and
nearly identical lattice size but very different PE
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(2.4 for Au and 1.9 for Ag). Thus they should be
the most interesting pair of adsorbates for the
purpose of addressing the potential role played by
the electronegativity. Theoretically, the embedded
atom method [6] as well as first-principles ab initio
calculations [7] have been applied and are quite
successful in explaining the behavior of many of
these bimetallic systems. One example is the ex-
planation [8] of the recent finding that in addition
to inducing {11 2}-oriented facets, Pd also induces
{110}-oriented facets on W(111). Although suc-
cessful in predicting many individual cases, so far
the calculations have not generated a new hy-
pothesis about general guideline or trend such
as the electronegativity correlation. In fact, one
of the calculations in Ref. [7] may provide a coun-
ter example of the electronegativity correlation.
According to Ref. [7], when covered with one
physical monolayer of Ag, the {1 1 2}-faceted form
could be lower in energy than the planar 1 x 1
form and facet formation could occur for Ag/
Mo(111). Experimentally, Ref. [3] reported that
the Ag/Mo(111) surface remains planar. The au-
thors in Ref. [7] proposed that this apparent dis-
agreement could be due to a high nucleation
barrier for facet formation. Given the importance
of the Ag/Mo(111) case, we re-examined the Ag/
Mo(111) system and confirmed that Ag does not
induce faceting of Mo(111) if deposited and an-
nealed the usual way. However, we find the Ag/
Mo(111) to assume several planar structures with
large superlattices that have not been reported
before. As these large planar super-structures have
not been considered in the calculation of Ref. [7],
the possibility that some of these planar forms
have lower surface energy than the faceted form
cannot be ruled out completely and the electro-
negativity correlation still have a chance to sur-
vive.

There is another interesting aspect about Ag
films grown on Mo(1 I 1). Although no evidence of
Ag induced faceting of either W(111) or Mo(111)
has been found, Ref. [3] did report an interesting
phenomenon. On both surfaces, growth of ultra-
thin Ag films follows the Stranski-Krastanov
mode, i.e. formation of three-dimensional (3-d)
clusters after one wetting layer. However, these
two systems are unusual as the 3-d clusters par-

tially re-spread onto the surface after being an-
nealed above 800 K. Note that Ag films grown on
(110) surfaces of III-V compound semiconduc-
tors and Si(111)-7 x 7 [9] are also known to have
metastable planar structures which are believed to
be stabilized by electronic contributions to the free
energy [10]. Given the general interest in factors
that control and/or modify the growth mode of
hetero-epitaxy systems, re-spreading of Ag on
Mo(111) and W(111) is certainly worth a more
detailed examination. In this paper, we will show
that re-spreading of Ag 3-d clusters on Mo(111)is
due to: (1) evaporation into a high density 2-d gas
at elevated temperature and (2) remaining in a
supersaturated 2-d states when the sample is
cooled. Trapping in a supersaturated state is pos-
sible only when there are very few or no 3-d
clusters left on the surface.

2. Experiment

The experiment is performed in a UHV chamber
with base pressure of 6 x 107! Torr. This chamber
is equipped with three analytical tools: (a) a PHI
10-155 cylindrical mirror analyzer (CMA) with
coaxial electron gun for Auger Spectroscopy, (b) a
VG RVLI00 4-grid low energy electron diffraction
(LEED) system augmented with a CCD camera,
and (c¢) an UTI 100C quadruple mass analyzer.
The molybdenum single crystals are provided by
Metal Crystals & Oxides Ltd. with a specified
mosaic spread of less than 0.5°. They are cut
within 0.5° of the (111) direction and are 3 mm
wide, 12 mm long and 0.4 mm thick. We electro-
polished the crystals down to a thickness of about
0.3 mm to get a smooth surface. Although we al-
ways get a smooth surface, one of the crystals
became more rounded than the others. On this
crystal, we find it possible to locate regions of
singular (111) surface and regions of vicinal sur-
face with a 3.5° angle of miscut toward [1 1 —2]
direction. This facilitates study of effect of steps
oriented along [—110] direction. Sample temper-
ature is measured by either a C-type thermocouple
spot welded at the center of the back of the crystal
or a pair of Ta wires spot welded at two points
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6 mm apart at the back of the crystal to pickup the
potential drop due to resistive heating. The sample
and its holder are attached to the end of a liquid-
nitrogen Dewar for cooling. The sample is heated
by passing a current through the sample. Heating
current is provided by a programmable power
supply, which is controlled by a personal computer
to facilitate programmed heating. To enable dis-
tortion free Auger or LEED detection during
programmed heat treatment, the control signal
(and thus the heating current) can be chopped off
by a 50 Hz periodic gating signal. Distortion free
detection of Auger or LEED signal then proceeds
during the gate period when the heating current is
off. Sample cleaning is by repetitive dosing of oxy-
gen and flashing up to 2100 K. This procedure is
carried out many times until carbon segregation
onto the surface is no longer detectable by Auger
after the sample is annealed at 2100 K for 30 s.

Deposition of high purity (99.9985%) Ag is from
a home made temperature programmed sublima-
tor. Once cleaned, the pressure rise (primarily due
to CO) during evaporation is less than 1 x 1010
Torr at a deposition rate of one hundredth of a
monolayer per second (0.01 ML/s). By varying the
programmable source temperature and heating
time, different deposition rate and total amount
can be obtained. At a deposition rate of one
hundredth of a monolayer per second, the cover-
age can be controlled to a precision of about one
fortieth of a monolayer.

3. Results

3.1. Relative coverage calibration points and appar-
ent thickness of Ag films

Curves shown in Fig. 1 are a series of temper-
ature programmed thermal desorption traces of
Ag from Mo(111) surface. All traces have the
same constant heating rate of 10 K/s, but with
different initial coverage. As the Ag coverage in-
creases, desorption gradually shifts toward lower
temperature side until the curve labeled P. Further
increase of Ag coverage caused emergence of a
new desorption peak which is characterized by a
common leading edge (L) and peak positions that
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Fig. 1. A series of temperature programmed thermal desorp-
tion traces of Ag from Mo(111) surface. All traces have the
same heating rate of 10 K/s, but with different initial coverage.
We define the coverage of the surface that give rise to the de-
sorption trace labeled P to be one TDML.

shift toward higher temperatures with larger cov-
erage. These are features of zero order desorption
kinetics and indicative of formation of multilayer
Ag films. Thus, we define the coverage of the
surface that give rise to the desorption trace la-
beled P to be one ‘““thermal desorption monolayer”
(TDML). We will show in Section 3.2 that 1
TDML approximately equals to one Ag atom per
exposed substrate Mo atom. Throughout this pa-
per, if we do not explicitly state otherwise, mono-
layer means TDML.

The Auger peak to peak amplitudes of Ag (at
351 eV) and Mo (at 186 ¢V) are measured for a
series of Ag films that is deposited and held below
120 K. As shown in Fig. 2, both can be fit with the
following exponential forms:

Amp351 = a*[1 — exp(—0/4)] + b exp(—0/4)

(1)
Ampl86 = c"exp(—0/9) + d*[1 — exp(—0/9)].

2)

By normalizing to the Auger strength of Mo at 186
eV, we have a = 3.66, b =334 x 1073, ¢c =1, and
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Fig. 2. Auger strength of Ag and Mo for a series of Ag films on
Mo(111) deposited at and held below 120 K. Plus (for Ag) and
diamonds (for Mo) are raw data, while lines are the best fitting
exponential forms.

d=1.1x1073. a is the Auger strength of Ag at
351 eV for very thick Ag film, b is the small Auger
signal of Mo at 351 eV, and d is the small Auger
contribution of Ag at 186 eV. 4 is the effective
decay constant at 351 eV, which is found to be
1.90 + 0.05 TDML 6 is the decay constant at 186
eV, which is found to be 1.57 = 0.03 TDML. Such
exponential behavior suggests that at or below 120
K, Ag films undergo simultancous multilayer
growth and should be “statistically uniform”. For
such films, the ratio of Auger amplitude at 351 eV
to that at 186 eV is:

R(0) = {a*[1 — exp(—0/A)] + b exp(—0/4)}
/{c exp(=0/8) +d"[1 — exp(—0/0)]}. (3)

Since this ratio R(0) is a monotonic increasing
function of coverage, the inverse function 0(R) can
be constructed. Then, for “statistically uniform”
films, we can find the real coverage from the
measured ratio by applying the inverse function
O(R). For any arbitrary Ag film, we can still
measure the ratio R and define the ‘“‘apparent
thickness™ of such a film to be 0(R). We will make
use of this “apparent thickness’ in presenting most
of our Auger results.

3.2. Planar superstructures of the AgiMo(111)
system

In all our LEED experiments, the Mo(111)
surface is always below 120 K when we deposit Ag.
After deposition, the surface is annealed at various
temperatures starting at 150 K with 50 K interval
up to 800 K. After each annealing process, we
observe the LEED pattern when the sample tem-
perature is cooled down below 120 K. After the
LEED observations are done, we perform tem-
perature programmed thermal desorption. De-
sorption of both Ag and carbon monoxide [11]
(the major contaminant) is recorded simulta-
neously. The sample is then flashed clean for a new
experiment. By integrating the desorption traces of
CO, we found that for surfaces with sub-mono-
layer Ag coverage, the amount of CO clearly
correlated with the duration of time spent on the
LEED observations, and can reach 5% of CO’s
saturation coverage on clean Mo(111) in the
worst case. Once the Ag coverage is above 1
TDML, the amount of CO found is always below
a few thousandths of CO’s saturation coverage
and independent of the amount of time the sample
has stayed in the chamber. Obviously, once cov-
ered with Ag, the surface is passivated. Thus, for
films with coverage above one TDML, we can do
prolonged experiments with them without prob-
lems of contamination. For films with sub-mono-
layer of Ag, we double-checked those LEED
patterns obtained after prolonged annealing pro-
cesses by observing samples annealed immediately
after the deposition. Except for some patterns
being more vague, most LEED patterns obtained
the fast way show no qualitative difference from
those obtained the slow way. Thus, although the
contaminating CO may cause some perturbation
of the superstructure, their influence on the su-
perstructure seems negligible.

Surfaces with 36 different coverages of Ag
(ranging from clean to 3 TDML) have been stud-
ied and no evidence of facet formation has ever
been found, which is in accord with Ref. [3]. As a
function of both coverage and annealing temper-
ature, we do find many different superstructures
for Ag/Mo(111). Some characteristic LEED pat-
terns are shown in Fig. 3. All samples have been
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Clean Mo(111), 1x 1 §0.79ML, “peanut” 0.86ML ,transient

Fig. 3. LEED patterns of Ag/Mo(111) obtained at incident energy of 88 eV and near normal incidence. All patterns are recorded
while the sample is at temperatures below 120 K. All samples have been annealed up to 350 K except pattern (i) and (k), which have
been annealed up to 200 and 550 K respectively. For our notation, ML refers to TDML. For m x n structure, the real space primitive
basis vectors of the superlattice cells are m*a(1,1,—2) and n*a(1,0,—1), where a is the lattice constant of Mo. Since Mo(1 1 1) surface
has three fold rotational symmetry, the two other equivalent primitive basis set can be obtained by rotating the three (x,y,z) coor-
dinates clockwise. We also note that our 1 x 3 is the same as the more commonly known /3 x /3R30°.

annealed up to 350 K except (i) and (k), which tively. We note in particular that near a coverage
have been annealed up to 200 and 550 K respec- of one TDML the surface assumes a series of super



150 K.-J. Song et al. | Surface Science 478 (2001) 145-168

structures changing from 1 x 7, a mixture of 1 x 8
plus 1 x 3,1 x 9, and finally a 1 x 6 structure. For
coverage larger than 1.16 TDML, additional Ag
tend to form 3-d clusters when annealed. The 1 x 7
and 1 x 6 structures are of particular interest. The
1 x 7 is the structure of the film when the coverage
is 1.0 TDML while the 1 x 6 is the structure of the
wetting layer if the annealing temperature is below
550 K. As there are three exposed substrate atoms
in each 1 x 1 primitive cell, there are 21 (or 18)
exposed substrate atoms in one 1 x 7 (or 1 x 6)
super-cell . Assume there are N Ag atoms in one
1 x 7 supercell and M Ag atoms in one 1 x 6 su-
percell. As the coverage of the wetting layer is 1.16
TDML, this means M = N. Estimation based on
Auger decay length [12] further suggest that N is in
the range from 17 to 21. Thus, 1 TDML approx-
imately equals to one (or slightly less) Ag atom per
exposed substrate Mo atom. In particular, we note
that thermal desorption of a film with the coverage
of the wetting layer shows a clear lower tempera-
ture shoulder, indicating that binding of some of
the Ag atoms of the wetting layer are significantly
weaker than others.

The calculation in Ref. [7] assumed 1 x 1 struc-
ture for both (111) and (112) surfaces. Since all
the 1 x n (1 x 6 in particular) superstructure should
be lower in energy than the 1 x 1 structure, it
would be interesting to know how much is the
energy difference between the theoretically best 1 x
1 and the theoretically best 1 x n (in particular
1 x 6) superstructures. That may help us address
whether the 1 x 6 structure can stabilize the (111)
surface against formation of {112}-oriented fac-
ets. We note in particular that in the case of Au/
Mo(111), the Rutgers group observed facet for-
mation [3] while our group [4] observed planar
surface with a large superstructure. Although it is
not yet known what caused the difference, it has
been suggested [4] that the observed large super-
structure may be responsible for stabilizing the
Au/Mo(111) surface against facet formation.

Although each pattern shown in Fig. 3 is
marked with a coverage, it is not implied that there
is only one characteristic structure at any cover-
age. On the contrary, the superstructure observed
depends on the highest temperature the sample has
been annealed at and usually there is more than

one intermediate structure. For all surfaces with
Ag coverage larger than 0.3 TDML, once the
sample is annealed above 550 K, all superlattice
spots disappear even after the sample cools down
and the LEED pattern become like that shown
in Fig. 3(k). This LEED pattern is characterized
by cloudy rings and blurred patches in addition
to well-defined 1 x 1 spots. Major feature is the
bright ring surrounding the (0,0) order specular
beam. The radius of the ring (in k& space) is cover-
age dependent, ranging from about 0.33 to 0.26
A, being slightly larger at lower coverage. In real
space this would correspond to a characteristic
length of 19 to 24 A. This “ring phase” should be
the thermodynamically most stable phase as pro-
longed annealing at lower temperature cannot
cause re-appearance of any of the 1 x n super-
structure. We will further discuss the nature of the
ring phase later. Here, we just note that it seems
well beyond the capability of current ab initio
calculations to correctly predict such disordered
structures.

3.3. Re-spreading of 3-d clusters

Using gated heating and gated Auger detection,
we can obtain real time information of the evolu-
tion of the film while it is being annealed. Fig. 4(a)
shows the raw data of a typical experiment as a
function of time. 4 TDML of Ag had been de-
posited with the Mo(111) surface held below 120
K. The red curve shows the sample temperature as
a function of time. In this particular experiment,
whenever the sample temperature is raised, it is
increased at 2 K/s up to 850 K. The sample tem-
perature is then lowered in several different ways: 1
K/s, quenching, holding for 60 s at 850 K followed
by quenching, and 1 K/s again. Also plotted are
the Auger peak to peak amplitudes of Ag (blue)
and Mo (green). The two major features of interest
are clearly observable. The first major feature is
the irreversible drop of Ag Auger signal when its
temperature is raised above 300 K the first time the
sample is annealed after deposition. Such drop and
the corresponding increase of Mo Auger signal is
associated with the commonly observed pheno-
mena of formation of 3-d clusters and will be dis-
cussed in more detail later.
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Fig. 4. (a) Auger signals and sample temperature as a function of time for an example experiment. (b) The same data but with Auger
signals plotted as a function of sample temperature. (c) “Journey map” of the same experiment (blue) with apparent thickness plotted
as a function of temperature. Pink background curves are apparent thickness of various films as a function of temperature when heated
at 2 K/s all way up to 1200 K. (d) The temperature (red) and apparent thickness (blue) of a sample as a function of annealing time.
Staircase like temperature programming is used to reveal the fast and reversible response of the film. (e) Apparent thickness for
temperature larger than 600 K for another set of films when the films are heated all way up to 1200 at 2 K/s rate.

The second feature is the unusual gradual in-
crease (decrease) of Ag (Mo) Auger signal when
the sample temperature is raised above 650 K. The
increase of Ag Auger accompanied by the decrease
of Mo Auger certainly indicates that Ag from the
3-d clusters has re-spread onto the surface. Fig.
4(a) shows degree of such re-spreading to be not
only temperature dependent but also reversible.
When the sample is cooled down slowly (—1 K/s),

Ag Auger signal goes “down hill” following es-
sentially the same “path” when it came uphill. This
is better seen in Fig. 4(b), where the Auger signals
are plotted as a function of sample temperature. In
Fig. 4(b), except for the two quenching cases, all
other curves fall onto one “beaten path”.

From both Fig. 4(a) and (b), it is obvious that
other than their change in opposite directions, the
change of Mo Auger signal is a replica of the
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change of Ag Auger signal. Such “symmetry” is
seen in all of our Auger data. Clearly, the same
physical change is being reflected in both data.
Here, the “apparent thickness” comes in handy
not only for removal of redundancy but also for
providing a linear measure of the average coverage
of Ag as seen by Auger. In particular, we note that
for films sparsely dotted with 3-d clusters, if these
clusters only cover a negligible fraction of the
surface area, then their contribution to the final
Auger signal is also negligible. In such cases, the
apparent thickness is a very faithful measure of the
average thickness of those parts of the film not
covered by the 3-d clusters.

In Fig. 4(c), the blue curve shows the “apparent
thickness” of Ag plotted as a function of temper-
ature for the same experiment as shown in Fig.
4(a) and (b). In this plot, it is now apparent that
the initial coverage of the film is 4 TDML, and it is
stable up to about 250 K. Once annealed above
250 K, about 3 TDML of Ag are absorbed into the
3-d clusters and the film’s apparent thickness de-
creases to about 1.2 TDML. Above 700 K, the
apparent thickness increases again with tempera-
ture and reaches a maximum of about 1.§ TDML
at 850 K.

The background red curves in Fig. 4(c) are the
apparent thickness for a series of Ag films as a
function of temperature when these films are being
heated at 2 K/s all way up to 1200 K. For films
with initial coverage less than 1.1 TDML, al-
though our LEED observation indicates a lot of
different superstructures depending on coverage
and annealing history, nothing noticeable happens
to the apparent thickness until 850 K. This is not
surprising, as the apparent thickness is supposedly
not sensitive to the microscopic structural change
of Ag parallel to the surface. Above 850 K, ther-
mal desorption of Ag is no longer negligible and
caused the decrease of the apparent thickness all
way to zero at about 1100 K.

For films with initial coverage above 2.5
TDML, they all show signs of 3-d cluster forma-
tion at about room temperature. Above 700 K, the
apparent thickness of all these films increased in
essentially the same way as the blue curve, irre-
spective of their initial coverage. This increase
must be due to re-spreading of Ag from the 3-d Ag

clusters out onto the surface again. Note that the
degree of re-spreading is continuously variable and
is an increasing function of temperature. To em-
phasize the fact that the surface is in equilib-
rium, results of an experiment with staircase like
temperature-programmed heating and cooling is
shown in Fig. 4(d). The red curve is the sample
temperature while the blue curve is the apparent
thickness of the Ag film. The sample of 6 TDML
initial coverage had been annealed before and
most of the Ag has already been incorporated into
3-d clusters before this experiment. Clearly, when-
ever the sample heating or cooling is interrupted
temporarily and held at a certain temperature, the
apparent thickness also becomes constant, indi-
cating that the film’s apparent thickness follows
closely the change in temperature when heated at 2
K/s. This strongly suggests that the change of ap-
parent thickness be due to change of equilibrium
condition. However, it is also clear from Fig. 4(b)
that when the film is quenched (with initial cooling
rate of 14.4 K/s), the film’s response lags behind,
indicating a time of several tens of seconds needed
for adjusting to the new equilibrium condition.
Nevertheless, attempts to freeze the Ag film in its
high temperature re-spread state are not success-
ful. Once the temperature decreases below about
600 K, there is no difference in apparent thick-
ness between slowly cooled and quenched Ag
films. This is in apparent contradiction with Ref.
[3], which observed re-spreading after the sample
has been cooled down. We will resolve this issue
later.

Coming back to Fig. 4(c), we note that for
temperatures in between 850 and 930 K, the in-
crease of the apparent thickness slows down and
saturates at about 1.9 TDML. Much more detail
can be seen in Fig. 4(¢). Why does the density of
the re-spread film saturate at about 1.9 TDML?
One possible reason for the density of the re-
spread film to saturate at about 1.9 TDML is that
the density may be limited by loss of Ag due to
thermal desorption. As can be seen in Fig. 1, the
desorption rate of Ag is significant in this tem-
perature range. Only when the surface diffusion is
very fast can the desorption loss be effectively re-
plenished. Since the activation energy of surface
diffusion is typically [13] from 10% to 50% that of
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the activation energy of thermal desorption, sur-
face diffusion should dominates at low tem-
perature. However, as temperature increases, the
relative significance of thermal desorption will in-
crease. Also, note that although depletion by de-
sorption occurs uniformly across the re-spread
film, the effectiveness of replenishing by surface
diffusion depends strongly on how close the near-
est 3-d cluster is. Thus, at high enough tempera-
ture and/or at places far away from any one of the
3-d clusters, surface diffusion may become inef-
fective in replenishing the loss due to thermal de-
sorption. Then the average apparent thickness
may stay low. Fortunately, as shown below, sur-
face diffusion is always fast enough to replenish the
desorption loss as long as the 3-d clusters are not
depleted.

As can be seen in Fig. 4(e), further heating
above 930 K eventually caused the apparent
thickness of the thick films to drop abruptly, all to
about 1 TDML, and then the drops slow down.
The temperature the abrupt drop occurs depends
on the initial coverage of the film and is higher for
thicker film. Also, the higher temperature the
abrupt drop occurs, the larger the abruptness of
that drop, which simply reflects the fact that the
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desorption rate increases significantly with tem-
perature in this range. Since the drop is abrupt
only for apparent thickness in between 1.9 and 1
TDML, it must be due to depletion of the re-
spread film itself (which floats on top of the wet-
ting layer). Below one TDML, the slowing down
of the drop is consistent with a reduced thermal
desorption rate observed for sub-monolayer cov-
erage. For films with coverage below 1.8 TDML,
the abrupt drops occur at about 930 K. This
means desorption of the re-spread film at 930 K is
already very significant. However, for the thickest
film shown, although desorption from the re-
spread film must be no less significant, it does not
cause decrease of the apparent thickness at 930 K.
Instead, the apparent thickness increases slightly
as temperature increases and the abrupt drop is
postponed until above 1000 K. This is possible
only if the desorption loss of the 2-d Ag gas is fully
replenished by those invisible 3-d clusters. It thus
seems most plausible that the drops in apparent
thickness occur only when the 3-d clusters are ex-
hausted.

Although Auger data alone cannot tell us for
sure whether the 3-d clusters are exhausted when
the abrupt drop in apparent thickness occurs,
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Fig. 5. Desorption of 7.2 TDML thick Ag films from Mo(1 1 1) as observed from Auger and mass analyzer. Sample heating rate is 4 K/
s. (a) The purple curve is the measured desorption rate. By integrating the desorption rate backward, we obtain the black solid curve,
which is the total amount of Ag remaining on the surface. The red curve is the apparent thickness of the film deduced from Auger. By
subtracting the apparent thickness from the total amount of Ag, we obtain the blue curve, which is the amount of silver in the 3-d
clusters. It drops to a very small value at 970 K when the abrupt drop of the apparent thickness begins. This supports the view that so
long as the 3-d clusters still exist, they can always replenish the desorption loss of the 2-d gas. (b) Arrhenius plot of the leading edge (the
part in between 760 and 960 K) of the desorption rate assuming different order of kinetics. See text for more detail.
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together with thermal desorption data, they can.
Fig. 5(a) shows results of experiments with two Ag
films of the same coverage of 7.2 TDML. Both
films had been deposited and annealed up to 750 K
(at 4.0 K/s) and cooled down. Thus 3-d clusters
have formed. The two films are then heated at 4.0
K/s rate up to 1300 K. In one experiment, the
apparent thickness is measured (red squares),
while in the other, thermal desorption rate (purple
curve) is measured. The thermal desorption rate is
then integrated “backward” in time to produce the
total amount of Ag left on the surface (black
curve). The amount of Ag that hides inside the 3-d
clusters is then obtained by subtracting the ap-
parent thickness from the total amount of Ag,
which is shown as the blue curve. As can be seen,
the amount of Ag in the 3-d clusters drops to zero
when the drop in apparent thickness occurs. This
confirms our view that as long as the 3-d clusters
exist they can always fully replenish the desorption
loss of Ag in the re-spread film via surface diffu-
sion. Thus, although thermal desorption may in-
troduce some minor correction to the observed
film thickness, the saturation is not an artifact due
to desorption loss but an intrinsic surface prop-
erty. That is, there is simply no tendency for Ag to
spread into a film thicker than 2 TDML.

Since the thickness of the re-spread film is
significant only at high temperature and Ag
agglomerates back to 3-d clusters at low temper-
ature, binding of Ag to the Ag wetted Mo(111)
surface must be weaker than binding to the 3-d Ag
clusters. This should make desorption from the re-
spread film easier than from the surface of a 3-d
cluster. Also, the surface area of the re-spread film
should be very much larger than the total surface
area of all the 3-d clusters combined. Thus, when
the thickness of the re-spread film is high, it seems
likely that desorption should be dominantly from
the re-spread film. More specifically, in between
800 and 960 K where the apparent thickness is
almost constant, desorption should follow zero
order kinetics. Is this true? Fig. 5(b) shows the
Arrhenius plot of the leading edge region (760-960
K) of the same desorption rate as shown in Fig.
5(a). As can be seen, it fits nicely with a straight
line (shown in black). The best fit desorption ac-
tivation energy is 2.80 eV. If we further assume the

desorption rate to be proportional to the density of
the re-spread film, then we can calculate the “de-
sorption rate per coverage of the re-spread film”,
which is shown as the red curve. Again it fits nicely
with a straight line (shown in black), but with
slightly lower activation energy of 2.72 eV. Both
activation energies are lower than the heat of
sublimation from bulk Ag, which is 2.95 eV [14].
Assuming there is no energy barrier for adsorp-
tion, then the above desorption activation energy
is simply the binding energy of Ag in the re-spread
film phase. Since binding energy of Ag to the 3-d
clusters must be close to the bulk heat of subli-
mation, it should thus be about 0.15-0.23 eV lar-
ger than the binding energy of Ag in the re-spread
film, consistent with our assumption that it is
small.

3.4. Nucleation of the 3-d clusters

For the thick films with initial coverage larger
than 2.5 TDML, our observations indicate very
fast response of the film to temperature changes.
The apparent thickness of the system of 3-d clus-
ters plus the re-spread film behaves in a rather
predictable way. We now discuss films with initial
coverage in between 1 and 2.5 TDML, which show
much more complicated behavior. In the follow-
ing, we discuss the results of annealing a series of
Ag films, which are deposited with the sample
temperature at or below 120 K. The sample is then
heated up to 850 at 1 K/s (process A) and then
cooled down also at a rate of 1 K/s (process B).
The sample is heated (process C) and then cooled
(process D) again at the same rate and finally the
sample is heated at a rate of 2 K/s all way up to
1200 K (process E).

Fig. 6(a) and (b) shows the apparent thickness
of this series of films during the first heating pro-
cess (A) after the film is deposited. During this
initial heating, we note that for all films with initial
coverage above 1.1 TDML, they show a “pri-
mary” drop of apparent thickness. We have
marked the midway point of the primary drop of
the apparent thickness with a small circle. What
caused these “primary” drops? First, these drops
are not caused by thermal desorption as the tem-
perature is too low. Examination at the edge of the
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Fig. 6. Apparent thickness of a series of Ag films as a function of temperature when heated for the first time after deposition (process
A, shown in (a) and (b)) and then cooled (process B, shown in (c) and (d)). Note the unusual way that temperature is plotted in (c) and
(d). This is done in order for the implicit time arrow to always point to the right. Figure (a) and (c) are for films with initial coverage in
between 1.05 and 1.85 TDML while figures (b) and (d) are for films with initial coverage in between 1.8 and 14.4 TDML. All films are
deposited at or below 120 K. Both heating and cooling rates are 1 K/s and the maximum temperature reached is 850 K. The number
labeling each curve is deposition time in seconds. For some curves in (a), a square near 200 K marks the drop of apparent thickness due
to phase separation into two 2-d phases with different thickness. For each curve in (a) and (b), there is a small circle indicating the
midway point of the primary drop of the apparent thickness due to 3-d cluster formation. The 3-d clusters will re-spread into a 2-d gas
at high temperature. Also, above 800 K, thermal desorption caused some loss of Ag. This is clearly reflected in reduction of apparent
thickness for films with coverage lower than 1.5 TDML. When the films are cooled, if the coverage is larger than 2.5 TDML, the 2-d
gas readily condenses back to existing 3-d clusters, and the resulting surface has an apparent thickness of 1.1 TDML below 600 K. For
films with initial coverage lower than 2 TDML, however, the 2-d gas do not necessarily condenses into 3-d clusters but can be in-
corporated into 2-d phases with apparent thickness up to 1.4 TDML.

back surface with Auger indicates the presence of bulk binary phase diagram indicates Ag and Mo
Ag only after annealing at 700 K for 30 min. Thus, are mutually insoluble. (2) It is hard to imagine
diffusion to the back of the crystal is too small to why diffusion into the bulk is easier (i.e. occurs at
account for the drop, which is rather uniform lower temperature) and faster for the very thick
across the whole front surface. Is it diffusion of Ag films than the rather thin films (e.g. comparing the

into the bulk of Mo? Note, however, that (1) The films with initial coverage of 14.4 and 1.3 TDML).
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(3) Our TPD result in Fig. 1 indicates Ag in excess
of 1 TDML is bound in a state that can desorb
more easily than those Ag of the first monolayer.
All these together strongly indicate that although
the deposited Ag become invisible by Auger, they
are still on the surface. Thus, the only possibility is
the well-known Stranski—Krastanov mode of thin
film growth; i.e. formation of sparsely distributed
“large” (as compared with the average film thick-
ness) 3-d clusters on top of a wetting layer.

The cluster formation process showed a sur-
prising dependence on the initial coverage. As
shown in Fig. 6(a), the midway temperature is
about 450 K for film with initial coverage of 1.15
TDML. This temperature increases quickly with
initial coverage and at 1.8 TDML reaches a maxi-
mum of about 720 K. Further increase of initial
coverage caused it to drop quickly (cf. Fig. 6(b)),
reaching a minimum of 270 K at 3.4 TDML. Af-
terward, the midway temperature increases again
with coverage but only very slowly. Before the
experiment, we speculated that for 3-d cluster
formation, if the available Ag is so abundant as to
form a thick continuous film, then the critical
process is probably breaking up or cracking of the
film. In this case, it may take more energy for
thicker film to break up in the first place and after
it breaks up, there is more material to be moved
around in order for the apparent thickness to
drop by one half. Both factors would lead to a
higher midway temperature for thicker film. This
seems in qualitative agreement with the observed
behavior when the coverage is larger than 3.4
TDML. We also reasoned that, if there is not
much available Ag around, then Ag atoms have to
come together to form the 3-d clusters. Chances
for the transient gathering to reach critical size
should be strongly enhanced if there are more
of them around. So the “midway temperature”
for 3-d cluster formation should decrease when
coverage increases. The large increase of the mid-
way temperature in the coverage range from 1.1
to 1.8 TDML is just opposite to our expectation.
As shown below, closer examination of these
films indicated that before forming 3-d clusters,
Ag has already undergone phase separation into
regions of 1 x 6 wetting layer and regions of
2 x 12 planar phase with higher coverage. Thus,

gathering of enough Ag together seems never a
problem. Instead, conversion from the planar or-
dered 2 x 12 structure to a 3-d cluster is the crucial
step.

LEED pattern of samples annealed up to 350 K
indicates formation of 1 x 6 (1.24 up to 1.8 TDML
and 2.24 up to 9.0 TDML) and 2 x 12 (1.5 up to
2.05 TDML) structures. In particular, we note that
for films with coverage in between 1.24 and 2.0
TDML, the LEED patterns seem to be linear
combinations of the 1 x 6 and the 2 x 12 patterns.
The pattern is purely 1 x 6 structure at the cov-
erage of 1.24 TDML (Fig. 3(g)), and purely 2 x 12
structure at 2.05 TDML (Fig. 3(h)). Thus, al-
though 3-d cluster formation has not yet occurred,
the surface has already phase separated into areas
of high coverage (~2 TDML) 2 x 12 structure and
low coverage (~1.2 TDML) 1 x 6 wetting layer.
Since the diffuse background of LEED is weak and
shows no apparent coverage dependence in this
coverage range, the domains are rather large.
Temperature dependence of the LEED patterns
indicates that the 2 x 12 structure is already well
formed after being annealed at 250 K, but not at
200 K. Thus the phase separation should occur
somewhere around 200 K. Since the phase sepa-
ration changes a uniform film into thinner and
thicker region, the overall Ag Auger signal should
drop slightly as part of the Ag is now buried
deeper. It turned out that such drop were actually
observable. As indicated by the squares in Fig.
6(a), for films with coverage from 1.2 to 1.85
TDML, there are small but clearly identifiable
drops in apparent thickness near 200 K. The
magnitudes of such drops are shown in Fig. 7(b) as
solid squares. The three solid curves shown are
calculated differences between the apparent thick-
ness of a statistically uniform film of coverage 0
and that of a well phase separated surface. After
phase separation, a fraction o (0<a< 1) of the
surface area has coverage 6, and the rest of the
surface has coverage 6. Once the pair of coverage
(0., 0y) is given, there is no adjustable parameter in
calculating the apparent thickness using Eqs. (1)-
(3). As can be seen, although the uncertainty of the
experimental data is not small enough to help de-
cide (8,, 6,) to a better precision, the general
agreement is strong support that there is indeed a
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Fig. 7. Change of apparent thickness (Af) due to phase separation into two 2-d phases of different thickness. (a) shows the schematic
of an initially uniform film phase separates into large domains of two different phases A (of coverage 0,) and B (of coverage 0,). The
total area of phase A is of fraction « of the total surface area, while the total area of phase B is of fraction (1 — ) of the total surface
area. 0 = o0, + (1 — )"0y, 0 << 1 (b) shows A0, change of apparent thickness due to phase separation. The solid squares are ex-
perimental data. The apparent thickness 0 of the phase separated surface can be calculated using Egs. (1)-(3). The curves are cal-
culated A0. Once (0,, 0) is given, there is no adjustable parameter. A as a function of 0 for three sets of (0,, 0y) are shown: the upper
(blue) curve is for (1.15, 1.95), the central (red) curve is for (1.1, 2.0) and the lower (green) curve for (1.1, 2.1). Note that the amplitude
of the calculated A6 is a strong function of the difference between 6, and 6, but rather insensitive to an overall shift.
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Fig. 8. Influence of steps on the formation of 3-d clusters and density of the re-spread film. See text for specification of the vicinal
surface. For both experiments shown in (a) and (b), Ag is deposited at 120 K, the sample is then heated up to 750 K at 4 K/s. Data
obtained during this initial heating is shown in blue (singular surface) or orange (vicinal surface). The surface is then cooled at a rate of
as close to 4 K/s as possible down to about 150 K and heated up again at 4 K/s all way to 1300 K. Data for the cooling and final heating
part is shown in black (singular surface) or red (vicinal surface). LEED patterns of the singular and the vicinal clean surface are shown
as inset in (b). See text for explanation.

phase separation into thicker and thinner 2-d
phases at about 200 K.

A natural assumption is that 3-d clusters would
form from the 2 x 12 structure. This is true for
films with coverage below 1.4 TDML. For these
films, as the 3-d cluster formation occurred below

500 K, it should only involve the transformation of
high coverage planar 2 x 12 phase into 3-d clus-
ters. For films labeled 160, 170 and 180, the ap-
parent thickness increases slightly in between 500
and 550 K. This should mean the phase-separated
surface is resuming a more uniform distribution of
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Ag again. Indeed, for these surfaces, both 1 x 6
and 2 x 12 superlattice spots in the LEED pattern
disappeared after being annealed at 550 K and the
LEED pattern now looks like that shown in Fig.
3(k) which is characterized by a ring around the
specular spot. Thus, for these coverage, there
seems a structural change at 550 K to certain
planar “‘ring phase” before the formation of 3-d
clusters. For even thicker films, the 3-d cluster
formation temperature dropped with increasing
coverage and for initial coverage larger than 2.3
TDML, the midway temperature of 3-d cluster
formation has dropped to about 300 K. For these
films, once 3-d clusters are formed, the 2-d films in
coexistence with the 3-d cluster also have the same
1 x 6 structure (so long as the annealing temper-
ature has never been raised above 500 K). Thus, at
temperatures lower than 500 K, the stable wetting
layer assumes the 1 x 6 structure and before 3-d
cluster formation, Ag already aggregates together,
forming large 2-d islands of 2 x 12 phase (about 2
TDML thick) or films thicker than two monolay-
ers.

3.5. Influence of steps on 3-d cluster formation

To get some feeling of the role steps play in the
formation of 3-d clusters and its influence to the
re-spread film, we have taken advantage of a
sample whose surface has become rounded during
electropolishing. Fig. 8 shows data obtained from
two regions of the same crystal, one region is sin-
gular, while the other is vicinal to (111). From
LEED, the vicinal region has a miscut angle of
3.5°, with steps running along [1,—1,0] direction
and a high step density of 0.65/nm. As can be seen
from Fig. 8(a), for film with coverage slightly lar-
ger than the wetting coverage, the starting tem-
perature of 3-d nucleation on the vicinal surface is
lower than that of the singular surface by a large
amount of 55 K. This indicates a strongly en-
hancing effect of steps to the 3-d nucleation pro-
cess at low coverage. However, for temperature in
between 500 and 700 K where the 3-d clusters
evaporate into a 2-d gas, the density of the 2-d gas
shows no difference for the two surfaces. For films
about 4 TDML thick, the result is shown in Fig.
8(b). In this case, neither formation of 3-d cluster

nor the density of the 2-d gas is influenced by the
existence of steps.

For the 3-d cluster formation process, if crack-
ing of the thick film is the crucial step, lack of
influence by the steps seems not surprising. For the
2-d gas, lack of any influence on its density seems
to indicate that the step sites are not much more
attractive than the terrace sites. This is probably a
distinctive characteristic for steps on an atomically
rough surface, which is not hard to conceive once
we examine a hard sphere model of the (111)
surface as shown in Fig. 9. In the case of a close
packed surface such as Mo(1 10), we would expect
Ag to bind more strongly to the steps and diffuse
more rapidly along the steps. Thus, if a 3-d cluster
start to dissociate on a close packed surface, it is
likely that the dissociated Ag will preferentially
travel along the steps and populate alongside these
“highways” consisting of steps. If this is true, then
there should be a temperature range when the 2-d
population is proportional to the density of the
steps. Since we do not see any dependence on step
density, it suggests that step sites on a rough sur-
face is not as attractive as step sites on a smooth
surface. Nevertheless, when the density of steps is
high, it should be a big disturbance to large su-
perstructures such as the 2 x 12 (a unit cell is
shown on Fig. 9), and such disturbance may very
well raise the energy of the 2-d film and make them
more unstable.

3.6. The ring phase

There is another interesting aspect in Fig. 8(a).
As shown by either the red (vicinal surface) or the
black (singular surface) curve, once the sample has
been annealed up to 750 K, reduction of apparent
thickness due to 3-d cluster formation no longer
occurs! This is true either when the sample is being
cooled down or when the sample is later being
heated up the second time. That is, on both the
singular and the vicinal part of the surface, an-
nealing up to 750 K somehow caused the resulting
2-d films to become more stable! As stated previ-
ously, LEED of samples (0 > 0.3) annealed above
550 K all show patterns similar to the one shown
in Fig. 3(k). Thus, in addition to 1 x 6, we have
another class of 2-d ““ring phase” that’s even more
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Fig. 9. Hard sphere model of (11 1) surface of body centered cubic crystal structure. Also shown are cross sectional view of a step
structure along [1,—1,0]. Such model strongly suggests that steps on an atomically rough surface such as bee(111) is qualitatively
different from steps on a close packed smooth surface. Due to the rough nature of the (1 1 1) surface, difference (say number of nearest
neighbors) between terrace site and step edge site is much less prominent than that on a close packed surface. Very likely, diffusion

along the steps is not much different from diffusion on the terrace.

stable but accessible only after high temperature
anneal. Since qualitatively similar LEED patterns
are obtained after high temperature annealing of
films with coverage above 0.3 TDML, the “ring
phase” can accommodate a very large range of
coverage indeed! Although the “ring phase” is
apparently stable at a coverage slightly above the
wetting coverage, Figs. 6(d) and 8(b) indicates that
when there are 3-d clusters around, the “ring
phase” in equilibrium with the 3-d clusters can
only have the wetting coverage. Thus, the apparent
stability of films in Fig. 8(a) should partly be due
to thermodynamics and partly be due to kinetics.
That is, we believe in principle its energy could be
further lowered by forming large but very sparsely
distributed 3-d clusters on top of a film of just the
wetting coverage. Annealing at high temperature,
however, caused the available Ag to re-spread
uniformly across the surface and readily forms the
“ring phase”. Since the “ring phases” are more
stable than a lot of small 3-d clusters on top of a
film of the wetting coverage, nucleation of new 3-d
clusters cannot occur and the film is kinetically
trapped in the “ring phase”.

How thick can these “ring phase” be? An ex-
amination of Fig. 6(c) would suggest that the
coverage of the ring phase formed gradually in-

creases with initial coverage until it reach a maxi-
mum of 1.4 TDML for an initial coverage of 1.6
TDML. As mentioned in the introduction, authors
of Ref. [3] observed re-spreading of Ag 3-d clusters
after the sample is cooled down. We believe the
spreading they observed is due to this high-density
ring phase instead of the high temperature re-
spread film. For initial coverage above 1.6 TDML,
we note two peculiar behaviors of those curves
labeled 170, 180 and 185 in Fig. 6(c). First, as
temperature start to drop, the apparent thickness
do not reduce, but kept on increasing. We will
address this point later. Then the apparent thick-
ness dropped as usual, indicating formation of 3-d
clusters. However, when the temperature falls be-
low about 450 K, the apparent thickness increased
again! This seems to indicate that the competition
between the ring phase and the 3-d clusters are so
subtly balanced that a drop in temperature can
cause Ag to flow from the 3-d cluster phase to the
ring phase. Note in particular that once Ag is re-
moved from the 3-d clusters, the clusters will be-
come smaller and presumably become less stable.
This may be one of the reasons why this strange
spreading during cooling can proceed even at very
low temperature. If the initial coverage is above 2
TDML, spreading of 3-d clusters during cooling
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no longer occurs. This should be due to increased
size of the 3-d clusters, which make the 3-d clusters
energetically the more favored phase.

3.7. Density and size of the 3-d clusters

The complete annealing history for some of the
films with initial coverage larger than 2 TDML are
shown in Fig. 10. These are from the same set of
experiments, which has been partly shown in Fig.
6. However, to emphasize the hysteresis in between
600 and 850 K, only data above 400 K are in-
cluded. Obviously, for the thickest film as shown
in Fig. 10(a), once the 3-d clusters formed, the
apparent thickness depends mainly on temperature
and is almost the same whether the sample is being
heated or cooled. In contrast, in Fig. 10(f), the
apparent thickness of the surface when being
cooled (blue and green curves) is significantly lar-
ger than that of the surface when being heated
(red, orange and black curves). That is, for some of
the films, the apparent thickness shows hysteresis
during temperature cycling,

What caused the hysteresis? If for some reason it
takes a very long time for the re-spread film to
either fill the surface or agglomerate back to the
3-d clusters, then the heating and cooling rate of
1 K/s may simply be too fast for some of the films
to remain in equilibrium and thus show hysteresis.
There are evidences supporting this view.

Note in Fig. 6(c) and (d), for films with labels
ranging from 160 to 200 (corresponding to initial
coverage in between 1.6 and 2.0 TDML), the ap-
parent thickness did not decrease immediately
upon cooling but kept on increasing for a while.
Closer examination reveals that for the increasing
part of these curves, the apparent thickness is al-
ways below the apparent thickness attained by
thicker films at the same temperature. For exam-
ple, in Fig. 6(d), the curves labeled 180, 185, 190
and 200 all kept on increasing even after cooling
starts. But such increase stops when the curves
nearly hit the red curve (labeled 220) from below,
irrespective of the actual temperature this happens.
(Since the apparent thickness of the red curve la-
beled 220 reduces immediately upon cooling, the
apparent thickness of Ag cannot be too far away
from equilibrium density and thus can serve as a

good comparison standard.) These behaviors
strongly suggest that for these films, somehow
spreading of Ag all over the surface is slow, and
the apparent thickness is falling far below the
equilibrium thickness as determined by the raising
temperature. When cooling starts, the apparent
thickness of Ag is still far below the equilibrium
value and thus Ag kept on spreading. As the
temperature dropped further, the re-spread Ag
film eventually become supersaturated and then
Ag starts to agglomerate back to the 3-d clus-
ters. A good indicator of the slowness of the re-
spreading is the apparent thickness attained when
the sample is at the highest annealing temperature
of 850 K. It is thus no accident that in Fig. 6(d),
only films with a low apparent thickness at 850 K
“overshoots” when cooling starts. Moreover, just
as spreading is slow, agglomeration should also be
retarded. Indeed, as shown in Fig. 6(b) and (d), the
smaller the apparent thickness attained at 850 K,
the slower the apparent thickness reduces dur-
ing agglomeration. Thus, the observed hysteresis is
due to the slowness of the film’s response in both
re-spreading and agglomeration. Dissociation from
(or association to) the cluster and surface diffusion
are the two major activities involved in re-spread-
ing (or agglomeration). Why should these activities
be more effective for some films (e.g. Fig. 10(a) and
(b)) while less effective for other films (e.g. Fig.
10(e) and (f))?

To our belief, the key factor is the number
density of the 3-d clusters for any particular film of
interest. Obviously, for films with a lower density
of the 3-d clusters, each cluster has to spread to a
larger area in order for the whole surface to be
covered. Spreading to a larger area definitely will
take longer time. When cooling, all Ag atoms have
to find their way to a certain 3-d cluster. When
there are less such clusters nearby, it also takes
longer for the Ag atoms to find one. Simple di-
mensional argument would require both spreading
and agglomeration times to be proportional to
(nD)™', where D is the surface diffusion constant
and n the number density of the clusters. Thus, the
smaller the density of the 3-d clusters, the more
time it will take for surface diffusion to bring the
surface to approach new equilibrium as tempera-
ture changes. Moreover, since either dissociation
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Fig. 10. Apparent thickness of samples with various initial coverage 6 as a function of temperature when subject to three heating and
cooling cycles. Red curve is for initial heating process A with 1 K/s rate up to 850 K. Blue curve is for cooling process B (—1 K/s) which
follows A. Orange curve is for heating process C (1 K/s) which follows B. Green curve is for cooling process D (—1 K/s) which follows
C. The final process E (black curve) is heating at 2 K/s all way up to 1200 K, shown in black. As shown, for 0 > 2 TDML, the higher
the coverage is, the smaller the hysteresis in apparent thickness when temperature is cycled. This should mainly be due to a higher
density of 3-d clusters.

from or association to the clusters has to happen ters of all the clusters. Due to mass conservation,
at the boundary of the clusters, the total rate the total length of perimeters per unit area is
should be proportional to the sum of the perime- proportional to 0°n%3, where 0 is the average
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coverage and »n is the number density of clusters.
Thus, small number density of clusters could not
only reduce the effectiveness of surface diffusion, it
could also reduce the total rate of dissociation
from (or association to) the clusters. The data in
Fig. 10 certainly suggests very strongly that for
films with initial coverage larger than 1.8 TDML,
the larger the initial coverage of a film, the higher
is the density of the 3-d clusters formed. There are
independent evidences supporting this proposi-
tion. Note that if the density of the 3-d clusters is
so high that their contribution to the Auger signal
can no longer be neglected, then the observed ap-
parent thickness will increase. In Fig. 10(a), note
that after two annealing cycles and cooled down to
low temperature, the apparent thickness of this
initially thickest film does not reduce to 1.1 TDML
but to a value slightly higher than 1.2 TDML. To a
lesser degree, similar increase can be found for the
curves labeled 720 and 360 in Fig. 6(d). Such ap-
parent increase of the thickness of the wetting
layer is indicative of a very high density of 3-d
clusters. From all these evidences, we are con-
vinced that much more dense population of 3-d
clusters exist on films with higher initial coverage.

Why should the thicker film have a more dense
population of 3-d clusters? An examination of Fig.
6(b) indicates that the cluster formation tempera-
ture drops drastically from about 720 to 270 K for
films with initial thickness ranging from 1.8 to 3.6
TDML. This suggests a strong correlation between
the formation temperature and the number density
of the clusters formed. Our speculation is that the
size of the newly formed 3-d cluster is limited by
the range it can collect Ag. Without long-range
interaction and competing clusters, the diffusion
length of a typical Ag atom determines this col-
lecting range. Thus, if nucleation occurs at low
temperature, due to small diffusion length, the
clusters formed should be small and the density
should be high. Conversely, if the nucleation oc-
curs at high temperature, then the clusters formed
will be large but the density of the clusters will be
low.

Is there anyway to tell the relative importance of
surface diffusion and dissociation/association in
the spreading/agglomeration process? Fig. 11
shows results of an experiment in which films de-
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Fig. 11. An experiment to study the cluster formation and re-
spreading of films grown on pre-seeded surface. 2.1 TDML of
Ag is first deposited at 110 K on a clean surface and subject to
two heating and cooling cycles of 1 K/s rate to create the seeded
surface. Then 0.7 TDML of Ag is deposited on top of the
seeded surface at 110 K and the sample is again subject to two
cycles of heating and cooling. This process of deposition fol-
lowed by two cycles of heating and cooling is repeated twice
more. The apparent thickness of the three seeded films during
all the heating and cooling cycles is plotted. The first heating
process after each deposition is shown in red, the following
cooling process shown in blue, the second heating process
shown in orange and the second cooling process shown in
green. Major feature is that as more materials are added, the
hysteresis loop remains essentially the same, strongly suggesting
that size of the 3-d clusters are not an important factor in de-
termining the width of hysteresis. See text for details.

posited on a seeded surface are monitored. A clean
surface is first deposited with 2.1 TDML of Ag
(same as that for Fig. 10(f)) and subject to two
heating/cooling cycles (1 K/s rate and a maximum
temperature of 800 K). The 3-d clusters formed at
this stage will serve as seed. We add 0.7 TDML to
the surface at 120 K and again subject the surface
to the same heating/cooling cycles twice while re-
cording its apparent thickness. The whole process
of deposition plus two annealing cycles is repeated
two more times. The apparent thickness during all
the heating/cooling cycles after the second, third
and fourth deposition is shown in Fig. 11. There
are differences in the initial annealing stage when
the newly added film either forms new 3-d clusters
or agglomerates into existing ones. However,
the most drastic feature is that the re-spreading
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behaviors of these surfaces are essentially identi-
cal. Due to thermal desorption at high tempera-
ture, each heating/cooling cycle will cause a loss of
about 0.15 TDML of Ag. Each deposition adds
0.7 TDML of Ag to the surface. Thus, after two
heating/cooling cycles and one deposition, there
are 0.4 TDML more Ag on the surface which gets
into the 3-d clusters. All clusters should become
bigger. However, no appreciable change in the
behavior of apparent thickness can be observed.
This is a strong evidence supporting the view that
dissociation/association is not a rate limiting step
in determining the width of the hysteresis as shown
in Fig. 10. More likely, the distribution of the
clusters are so sparse that hysteresis is mainly due
to limited surface diffusion.

Another important feature in Fig. 11 is that for
all three films, the observed apparent thickness
during the second heating process is always smal-
ler than that observed during the first heating
process. Let us compare the second heating pro-
cess after deposition 2 with the first heating pro-
cess after deposition 3. If the newly deposited
material only diffuse to existing old 3-d clusters,
then all clusters simply grow larger and the dis-
tribution of the clusters remains invariant. If this is
the case, when the sample is heated above 600 K,
we expect its apparent thickness to behave in the
same way as in the heating process before depo-
sition. In reality, the apparent thickness is signifi-
cantly larger. This can happen only if new clusters
have formed. This will cause the number density of
the clusters to increase. In addition, we believe the
new clusters are also significantly smaller than the
old ones.

From Fig. 11, new cluster formation after de-
position 3 occurs at about 400 K. Note that the old
clusters have been collecting Ag from the re-spread
film during the last cooling process. Since such
collection is done above 650 K, the collection
range must be much larger than that at 400 K and
thus the old clusters should be significantly larger
than the newly formed ones. (If there are many old
clusters in the same collecting range, then this ar-
gument seems flawed. However, the fact that new
clusters can form at all indicates that even if there
are competitors, each still has a territory larger
than the collection range at 400 K.) When the

temperature is raised again, due to the small size
and high density of the new clusters, the average
apparent thickness increased faster. Actually, it
seems that the new clusters are so small that one
heating/cooling cycle is enough to make these
newly formed small clusters re-spread and get
collected by the old big clusters completely. Thus,
in the second heating cycle, it is again the same old
(but now even bigger) clusters that are playing the
game. It should thus be no accident that for all the
second heating processes, the apparent thickness
behaves in the same way.

To summarize, the high density of the re-spread
film makes the Ag/Mo(111) a unique system for
the study of nucleation, growth and ripening phe-
nomena. Self-consistent propositions of what is
happening on the surface can often be constructed
from clues provided by temperature programmed
Auger (TPA) data. However, additional informa-
tion from in situ real space imaging techniques
such as scanning electron microscopy [26] or
scanning tunneling microscopy would be most
desirable. If these can be combined with TPA in
the future, then all pertinent information can be
measured directly for construction of a more
complete understanding.

4. Discussion
4.1. Nature of the re-spread film

What is the nature of the re-spread Ag after
steady state is reached at a particular temperature?
The LEED pattern of the sample at or above 600
K shows a bright uniform blur with strongly at-
tenuated 1 x 1 spots (compared with that of the
clean surface). This indicates a very disordered
film. As the apparent thickness is continuously
variable, the most plausible and straightforward
answer is that the re-spread Ag forms a homoge-
neous 2-d gas-like [15-17] phase that floats on top
of the wetting layer and fills up all the area not
occupied by the 3-d clusters. By “gas”, it is meant
to imply that it has a natural tendency to expand
and fill up the empty area not pre-occupied by 3-d
clusters. In contrast, although a condensed liquid
is also in a disordered state, normally [18] it will
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not automatically expand to fill up the space. Since
there is a wetted substrate exerting a strong influ-
ence, particles of this 2-d gas are definitely not
“moving freely” and the probability of finding
anyone of them need not be homogeneous micro-
scopically.

But how do we know the 3-d clusters do not
spread into a 2-d ordered phase or a 2-d liquid?
After all, above 900 K, the density of the 2-d phase
does reach 0.8 TDML and particles in that 2-d
phase will stay in touch with each other. The an-
swer is that liquid and ordered phases are incom-
pressible and have a rather well defined density. If
such a 2-d phase fills the whole area between 3-d
clusters, the apparent thickness should have a well-
defined value instead of being continuously vari-
able over a large range. One could still argue that
the spread Ag forms discrete 2-d patches with the
total area occupied by the patches varying with the
sample temperature. Then the observable average
density can vary continuously with temperature.
To rule that out, note the apparent thickness not
only increases when temperature increases but also
reduces reversibly when temperature is lowered,
thus the spreading is not diffusion limited. One
has to ask, then, what stops the 3-d clusters from
spreading all the way until the 2-d condensed
phase fills up all the area? After all, once a 3-d
cluster spreads, it will become smaller and making
it even easier to spread further.

One situation for which a 3-d cluster can stop
spreading before filling up the whole area is when
the 3-d cluster exhausts itself. Suppose the 3-d
clusters have a wide distribution of sizes, and
suppose that at lower temperature only smaller 3-d
clusters spread while the larger clusters do not
spread at all until the temperature is higher. As
temperature increases, we will then observe a grad-
ual increase of apparent thickness as larger and
larger 3-d clusters spread. The trouble with this
argument is that the spread Ag should readily
be absorbed into nearby large surviving clusters
when cooling down. The small 3-d clusters will
disappear and only large ones are left. When the
surface is heated again, we expect the apparent
thickness to follow very different path. In partic-
ular, since the small 3-d cluster disappeared, rising
of the apparent thickness will not occur until the

big clusters spread. This should result in a sharp
rise of apparent thickness at higher temperature.
However, the experiment for thick films shows
that the apparent thickness of Ag reproducibly
follow the same slowly varying, “beaten” path
when temperature is cycled. Thus, spreading of 3-d
clusters at size dependent temperature into 2-d
condensed patches is not completely consistent
with the experiment.

Finally, one could still argue that if some kind of
inhomogeneity makes part of the surface more
attractive than other part of the surface, then Ag
will spread to the more attractive place at lower
temperature and to the less attractive place at
higher temperature. Step edges seems the only and
the most likely candidates for creating such at-
tractive potential. If this were the case, we would
expect the rate of increase of apparent thickness to
be proportional to the step density. More specifi-
cally, the rate of increase in apparent thickness
should be much more prominent for vicinal sur-
faces which has much higher step density than the
singular surface. Some experimental results of the
effect of step edges are shown in Fig. 8(b). What is
plotted are the apparent thickness as a function of
temperature for two Ag films about 4 TDML
thick, one is obtained from the singular part of the
surface while the other obtained from the vicinal
part of the surface. The vicinal part of the surface
has steps aligned along [1 1 0] direction and a very
high step density of 0.65 nm~!. Yet, other than the
small difference in initial coverage, there is no
observable difference in the behavior of apparent
thickness from that of the singular surface. Al-
though steps along another direction may behave
differently, this result strongly suggests that steps
do not play an important role in causing the in-
crease of apparent thickness at high temperature.
Since almost all arguments for spreading into a 2-d
condensed phase leads to inconsistency with some
experimental results, we are confident that the 3-d
clusters spread into a 2-d gas like phase. For
simplicity, we will use “2-d gas” instead of the
correct “2-d gas-like phase” in the rest of the pa-
per.

Why does the 2-d gas reach such high density?
We postulate it is due to (1) a rather small differ-
ence in binding energy in favor of the 3-d clusters



K.-J. Song et al. | Surface Science 478 (2001) 145-168 165

instead of the 2-d gas, and (2) the 2-d gas has a
larger entropy than the 3-d clusters. Note that, for
metals, the thermal excursion of surface atoms
perpendicular to the surface is generally 50-100%
greater than a bulk atom at the same temperature
[19]. Also, the LEED observation of many large
but soft super-lattice structures is compatible with
large entropy associated with the 2-d phases. The
free energy of the system is £ — 7S, where T is the
absolute temperature, S is the entropy and FE
the energy of the system. At low temperature, the
energy term dominates and the 3-d cluster is the
favored phase. As temperature increases, the en-
tropy term gradually takes over and the balance
will shift away from the 3-d cluster toward the 2-d
gas which has larger entropy. Before the onset of
thermal desorption, Ag has nowhere other than
the 3-d cluster phase or the 2-d gas phase to go.
Thus the system is a closed one similar to that of a
pressure cooker. As the temperature is very high, it
is not surprising that the density of the 2-d gas can
build up to such unusual level.

4.2. Nucleation of 3-d clusters

Why are the planar phases most stable against
3-d cluster formation when the Ag coverage is
about 1.8 TDML? Some speculations follow.

(a) Independent islands: Since all our samples
are annealed in the same way, it should be safe to
assume that when reaching the same temperature,
the sample with larger initial coverage will have
larger 2-d islands. For 2-d islands of finite size, the
average binding energy per atom should increase
slightly with the size of the island as the relative
abundance of the edge atoms is reduced. This
could make the larger 2-d islands more stable than
the smaller ones. So it seems possible that due to a
very small energy difference between the 2-d island
and the 3-d clusters, ready formation of larger 2-d
island is the reason why films of higher coverage
have higher stability against 3-d cluster forma-
tion. However, if this is the only mechanism, then
maximum stability should be observed at the
coverage of 2.05 TDML when the whole surface
assumes 2 x 12 structure. That is, when the 2-d
island is infinitely large. This is not consistent with
the experimentally observed 1.8 TDML. If we re-

fine the above argument by comparing the average
binding energies of a finite amount of film material
in either 2-d island or 3-d cluster form, then it is
possible that 2-d island of a particular size is most
stable. However, without knowing the important
parameters such as edge-energy of the 2-d island
and surface energy of the 3-d clusters, no concrete
prediction can be made for comparison with the
experiment.

(b) In the argument above, we have considered
the stability of the 2-d islands from an ‘““indepen-
dent island” point of view. If we compare atomic
diameters based on hard-sphere models for Ag and
Mo, we find the diameter of Ag to be 6% larger
than that of Mo. Thus, there could be a significant
strain in a commensurate 2-d Ag film. The long-
range interaction between the strain field of the 2-d
islands may thus be important. It has been sug-
gested [20] that for systems with planar domains,
the long-range interaction among strain field
induced by the domain walls will impose an opti-
mum configuration of the 2-d domains. In partic-
ular, one model calculation [21] predicted that
when the area fraction of one of the phases is 0.5,
stabilization due to isotropic strain interaction is
maximized. Qualitatively, existence of a minimum
energy state at certain coverage agrees with our
experiment. However, experimentally the maxi-
mum stability occurs when the area fraction equals
(1.8-1.2)/(2.05-1.2) = 0.7. This seems not in good
accord with the experiment. However, closer ex-
amination of Fig. 6(a) indicates that there are
small rises of apparent thickness right before the
3-d cluster formation for curves labeled 160, 170
and 180. We believe these rise are due to conver-
sion into a single phase which we called the “ring
phase” (to be discussed later). Thus, it is possi-
ble that as coverage increases, strain interaction
caused extra stability of the film and existence of
the ring phase further extended the range of maxi-
mum stability.

(c) Once the initial coverage is above 2 TDML,
the 3-d cluster formation temperature lowered
very quickly. This is consistent with the fact that
the 2-d gas saturates at about 1.9 TDML and our
argument that once the coverage is above 2
TDML, it is much more favorable to form 3-d
clusters than to form a 2-d film. This seems to
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suggest that the crucial step determining the sta-
bility of a 2-d island is the ‘“‘climbing” of some
atoms onto the third TDML. Once enough atoms
successfully climbed on, the rest can follow and
3-d cluster formation may then proceeds easily. If
climbing up is the key issue, then the question is
why climbing up should be most difficult at 1.8
TDML?

Of the above three speculations, only the mech-
anism involving strain interaction among domains
provide some definite prediction, which is almost
but not quite in accord with the experiment. Fur-
ther theoretical calculation and study using STM
to get real space image of the surface should
help resolve some of the above mentioned possi-
bilities.

4.3. More on “‘ring phase”

Rings in diffraction patterns have been reported

before and it has been pointed out [22] that dif-

fraction rings could be caused by randomly dis-
tributed identical islands or islands of varying

diameter but fairly constant separations. In the
case of Ag/Pt(111), it has been reported [23,24]
that below 550 K, large-scale metastable uniformly
strained 2-d Ag islands grow pseudomorphically.
Once annealed above 620 K, Ag clusters of about
10 A size dissolved [24] in the top Pt layer
(0 < 0.5) or Pt clusters of about 10 A size dis-
solved in the Ag layer (0.5 < 0 < 1.0). And there is
evidence indicating such monolayer confined mu-
tually dissolving form is the thermodynamically
stable form. In our case of Ag/Mo(11 1), we note
that annealing below 550 K produces various su-
per-structures while once annealed at or above 550
K into the ring phase, annealing at lower temper-
ature for prolonged period of time has never
brought back any of the superstructure spots.
Thus, the ring phase should be thermodynamically
more stable than any of the super-structures. If the
clean surface of Mo has tensile stress, then as Ag
has a larger atomic radius, it seems possible that
mixing of small Ag 2-d clusters into a Mo layer can
reduce the energy by relieving the tensile stress.
Since Ag and Mo are mutually immiscible [25]

Fig. 12. Schematics showing various atomic arrangements where the film material is always on top or by the side of the substrate
material. (a) Films grown near a step, no mixing with substrate. (b) Film material forms 2-d clusters, which mixed into top substrate
ledges. For a film with coverage larger than one monolayer, ordinarily film materials will pile up on the surface (kinetically more
accessible). However, it seems possible that the “excess” material could also dig into the substrate, as shown in (c). When there are big
3-d clusters nearby, it may be energetically more favorable for film material adsorbed on the second layer to transfer to a big 3-d cluster
nearby. However, if the cluster is not big enough, Ag may go back to the second layer. A schematic is shown in (d).
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with each other, this may be the cause of the ex-
istence of Ag clusters instead of random substitu-
tional surface alloy. In particular, we note that
since Ag remains either on top or by the side of
Mo, the apparent thickness of Ag will show little
difference whether such mixing happens or not.
This is consistent with the experimental results.
Note that for the Ag/Pt(111) case, intermixing
occurs only [24] when 0 < 0 < 1. In the present
case of Ag/Mo(11 1), intermixing seems to occur
even when the coverage is up to 1.6 TDML. Note
that in Fig. 6(a), for curves labeled 160, 170 and
180, the apparent thickness shows a small rise near
550 K before the big drop due to 3-d cluster for-
mation. The small rise suggests that the surface is
changing from the 1 x 6 and 2 x 12 phase sepa-
rated form into a form of more uniform thickness.
Very likely, this phase of more uniform thickness
is the ring phase as 550 K is the temperature ring
phases form. Fig. 12 shows schematic drawings of
surfaces with and without intermixing and for
coverage either below or above one monolayer. In
particular, we note that for 0 > 1, if the density of
the immersed 2-d islands is high, there could be a
huge number of island ledge sites that presumably
have a binding energy close to that of the 3-d
clusters.

5. Conclusion

A detailed study of the Ag/Mo(111) system
indicates that Ag does not induce faceting of
Mo(111). Thus, the ‘“electronegativity correla-
tion” remains intact and it is yet to be answered
why or how the electronegativity of an adsorbate
influences the surface energy anisotropy. The Ag/
Mo(111) system grows primarily in the SK mode.
However, it has several unusual twists. First, for
coverage above the wetting layer, the stability of
the metastable 2-d films increases initially instead
of simply decreasing monotonically. Also, there
are two different types of wetting layers. One has a
1 x 6 superstructure while the other thermody-
namically more stable one assumes a ‘“‘ring phase”.
We propose that the ring phase is due to inter-
mixing of 2-d clusters at the interface. Second, at
elevated temperature, 3-d Ag clusters evaporate

into a 2-d gas that can reach very high density of
0.8 TDML. Such evaporation is reversible and the
2-d gas condenses back to the 3-d clusters when
cooled. Finally, TPA proved to be a very useful
tool in keeping track of the real time morpholog-
ical evolution of these films.
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