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Abstract

The electrodeposition of Ag on Pt(100)-(1 X 1) in perchlorate electrolyte was studied by means of time-resolved in situ scanning
tunnelling microscopy (STM) and cyclic voltammetry. One monolayer of Ag is deposited underpotentially (upd) ca. 500 mV positive of
the Ag*/Ag equilibrium potential. Several millivolts positive of the equilibrium potential, a second well defined upd layer forms. Its
growth was observed to proceed via island formation and coalescence. This process occurs in two separate stages that manifest
themselves in voltammetric peaks as well as in the STM images. © 1997 Elsevier Science S.A.
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1. Introduction

The metal-on-metal deposition from electrolytes is a
most important technical process employed in the finishing
industry for plating and microelectronic devices. To eluci-
date its foundations, research has been using single crys-
talline surfaces of noble metals as substrates that can easily
be investigated with scanning tunnelling microscopy
(STM). Especially well documented is the case of Cu
deposition on Au(111) [1-9]. Here, and in many other
cases, a monolayer adsorbs even when positive of the bulk
deposition potential (underpotential deposition, upd). Usu-
ally, anions from the electrolytes can coadsorb; in fact,
they even play a crucial role for the formation of ordered
upd monolayers. For example, it is quite likely that during
the deposition first a highly mobile metal adion or adatom
layer forms (both with coadsorbed anions). At a certain
potential (often close to the upd peak potential) a phase
transition occurs and an ordered immobile film — com-
prising metal adatoms or adions and coadsorbed anions —
covers all of the surface [10]. As for metal-free anion
adsorbate layers (e.g. halogenides [11,12] or sulphate [13]),
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incomplete upd layers (e.g. islands) are therefore very
rarely observed. A rare exception is the island formation
for the Cu upd on Au(111) that is found when Na,SO,
rather than H,SO, electrolyte is employed [9]. Islands can
also be induced at very low adsorbate concentrations, as
known for Cu/Au(111) in H,SO, [10]. Often coadsorbed
anions desorb at lower (still upd) potentials and the metal
monolayer is completed to a (1 X 1) structure.

For Ag on Au(111) [5,14,15] and on Pt(111) [16,17] it
is well established that the upd occurs at very positive
potentials where it forms a complete layer. In contrast to
Cu upd, a second Ag upd process is observed on Pt(111).
It is situated only several 10 mV from the Ag bulk
deposition and leads to a second Ag layer [16,17]. Similar
effects are observed with an iodated Pt(111) substrate [18].

Fcc(100) substrates are less commonly employed, de-
spite the fact that their more open square structure can lead
to otherwise inaccessible square-shaped upd layers [19]
and are known to induce relaxation effects in multilayers
[20]. The Ag upd on Pt(100) was studied by El Omar et al.
[17] with cyclic voltammetry and Auger electron spec-
troscopy.

For this study Ag was electrodeposited on a Pt(100)
surface and the film structure was followed by in situ
electrochemical STM and simultaneous cyclic voltamme-
try. Only images recorded at fixed potentials are presented,
although they were also recorded during potential scans.
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The film thickness ranged from a monolayer to 3D clus-
ters. Since in our study, and in [17], the sample was flame
annealed and quenched in water without potential control,
the deposition takes place on the unreconstructed Pt(100)-
(1 X 1) substrate [20]. The hexagonal reconstruction of
Pt(100) has been shown to be preserved in contact with the
electrolyte only when the sample, after preparation in
vacuum, is kept at negative potentials; it is lifted irre-
versibly under any other condition [21,22].

2. Experimental

STM measurements were performed with a home-built
instrument described in [12]. The relevant experimental
details can be found in [11,20]. A new feature was that the
Pt wire quasi-reference was immediately covered with an
Ag layer since its open circuit potential (OCP) is lower
than that of the Ag upd on polycrystalline Pt; thus the
reference’s potential almost matched the Ag bulk deposi-
tion potential of 620 mV vs. SHE. All potentials are
quoted with respect to the standard hydrogen electrode
(SHE). Electrolytes were prepared from 70% HCIO,
(Suprapur, Merck), AgClO, - H,O (puriss., Fluka) and
triply distilled water.

3. Results and discussion
3.1. Cyclic voltammetry

After flame annealing to yellow heat and cooling in air
to dark red heat, the crystal was quenched in water,
resulting in a Pt(100)-(1 X 1) surface [20]. The use of
perchlorate electrolyte in this work and the use of stronger
adsorbing sulphate by El Omar et al. in their study of Ag
upd on Pt(100) [17] may result in small voltammetric
differences which, however, should not prohibit a compari-
son. The potential region of the first upd process at ca.
1100 mV vs. SHE [17] was avoided in order to prevent a
possible oxidation of the substrate that might interfere with
deposition processes. Since the Pt was immersed at open
circuit potential (800-900 mV vs. SHE), it was covered
with roughly one monolayer (1 ML) of Ag [17] that had
adsorbed spontaneously. Fig. la shows a cyclic voltammo-
gram of Pt(100) in 100 mM HCIO,+1 mM AgCIO,
which was recorded in the STM electrochemical cell. The
features at potentials negative of 620 mV are caused by Ag
bulk deposition and dissolution. The rightmost peak is
caused by stripping of the second Ag upd layer [17]. The
position of the corresponding cathodic peak close to the
bulk deposition potential (only 7 mV positive, see also
[17]) suggests that — different from most other upd
processes, but in common with Ag upd on P(111) [16,17]
and P(110) [17] — even the second Ag layer has not
attained the properties of bulk Ag. The upd is somewhat

sluggish, due to the fact that slightly faster potential scans
(e.g. 20 mV /s) shift the peak to more negative potentials
and broaden it. The charge evaluated from the upd peak
amounts to ca. 160 wC-cm™? (see also [17]) while 208
pC - cm™? is equivalent to 1 ML of Ag atoms (1 Ag atom
per Pt surface atom). One can assume that the charge
results almost solely from Ag deposition and is not due to
coadsorbate (water or perchlorate) reorganisation or des-
orption, although it is not possible to rule out such contri-
butions. However, if any coadsorbate is present, it should
be very little since both perchlorate and water are weak
adsorbates (e.g. no superlattices as for sulphate have been
imaged with STM on Au(111)). Fig. 1b shows that the
voltammetric behaviour depends critically on the potential
scan speed: at 1 mV /s the peak can be resolved into two
sub-peaks, C II and C III, which have never been reported
before. Obviously, the growth of the second Ag layer
occurs in two distinctly separated processes. As proven by
the window opening experiment of Fig. 1b, process II,
which deposits and strips ca. 0.5 ML of Ag can be evoked
(C 1D and reversed (A II) without triggering process III
(ca. 0.25 ML). In a further cathodic scan the diffusion-
limited bulk deposition peak is quickly reached and rather
sharp (as also found by El Omar et al. [17]); in other
words, Ag bulk deposition is a fast process. The evolution
of H, on bulk Ag starts below ca. —200 mV vs. SHE.

3.2. Second layer growth

Owing to the simultaneous recording of STM images
and voltammograms, one can easily correlate STM data
with electrode potentials even though the potentials of
interest are very closely spaced (some millivolts, see Fig.
1b). It is worth noting that STM images tended to be rather
noisy and streaky since the tip often made more than one
jump per scan line, rendering atomic resolution impossible.
An explanation may be provided by the rapid diffusion of
Ag adatoms under the STM tip [23]. Starting at 660 mV
(Fig. 2a), STM images show the usual step geometry of
Pt(100) [11,20]: monolayer height (0.20 nm) steps separate
terraces which appear in different grey shades (easily seen
around the rhombus-shaped terrace at the right-hand side).
Some double and triple steps can be recognized by the
frequent occurrence of a 90° angle (e.g. in the middle part)
running in a zig-zag fashion from top to bottom. It should
be clarified that all following STM observations are valid
for areas with or without multiple steps and for small or
large terraces. The already deposited 1 ML of Ag has
formed a smooth layer and thereby followed the Pt topog-
raphy. Note that the step heights of Pt (0.196 nm) and Ag
(0.205 nm) are too similar to be distinguished. Some bright
protrusions (height up to 0.2 nm, diameter ca. 4 nm) are
also seen. Their density (ca. 0.02 nm~?) is more than ten
times lower than the density of the naturally occurring
immobile hillocks (height ca. 0.2 nm, diameter 1-1.5 nm)
that cover the freshly prepared clean Pt(100) surface and
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Fig. 1. Cyclic voltammograms showing the deposition and stripping of the second upd Ag layer on flame-annealed and water-quenched Pt(100) in | mM
AgClO, + 100 mM HCIQ,. The first upd layer forms at ca. 1100 mV (not shown) while bulk Ag is stripped at 620 mV vs. SHE (see arrows). Traces of O,
produce a small negative offset of the current. Recorded in the STM cell. (a) Potential scan speed 5 mV /s. An anodic and cathodic second Ag layer peak
appear at 632 and 627 mV vs. SHE. (b) Cathodic window opening experiment at 1 mV /s. The anodic trace shows the bulk dissolution peak (arrow) and
the second layer dissolution peak which is resolved into two sub-peaks A II and A TII (639 and 634 mV vs. SHE). Note that the appearance of the cathodic
peak C I (631 mV vs. SHE) already suffices to produce A II. C III peaks at 627 mV vs. SHE.

should consist of Pt adatoms [20]. Since the protrusions are
on average much larger than the Pt hillocks, it is likely that
they are Ag islands (i.e. already second layer Ag atoms!)
which are pinned to the immobile substrate hillocks. Hence,
these Ag islands are due to substrate features. They also
coalesced and thereby reduced their density below that of
the Pt hillocks. The Ag island coverage of ca. 0.25 ML on
top of the first Ag layer leaves 0.75 ML Ag to complete
the second layer in the upd peaks C II and C III: indeed,
this coverage was measured (see above). From this it is
reasonable to assume that the second layer upd process
leads again to a closed (1 X 1) layer of Ag atoms, as also
observed for the Pt(111) substrate [16].

Upon setting the potential between peak C Il and C III,
one would expect 0.25 ML + 0.5 ML = 0.75 ML of Ag in
the second layer. This means that the Ag film cannot be
complete. The question arises which structure it takes on.
The STM provides the following answer: First the growth
of Ag islands sets in, and after several seconds an image as
seen in Fig. 2b results (on a time scale of minutes some
further coalescence may occur). The surface is now cov-
ered by monolayer high, partially coalesced islands similar

to the structures encountered in metal-on-metal deposition
in vacuum. The resolution of the images is too low to
detect the phenomenon of ‘frizzy steps’; that is, the high
mobility of Ag step atoms [23]. Such an effect — although
as yet only shown for a bulk Ag substrate with and without
a Cu layer — should evoke a compact island form, as
indeed is the case. Since Ag can nucleate not only at steps
but also on top of existing second-layer Ag, one could still
expect 3D growth. Instead, one finds a smooth deposit, as
in Ag(100) homoepitaxy [24,25], which can be attributed
to the rapid diffusion across a step that was recently
predicted for a Ag(100) substrate [26]. It proceeds via an
exchange process, is as fast as the Ag adatom diffusion on
terraces and should, even for Ag bulk growth lead to
compact, square-shaped islands.

Since here the substrate is a upd layer (i.e. neither bulk
Pt nor bulk Ag) and an electrolyte is present, the growth
mode is complex. In particular, the question why the Ag
film is not completed, but forms islands, remains open.
The unusual observation of upd islands could be connected
with the use of perchlorate that adsorbs more weakly than,
for example, sulphate. This is bolstered by the fact that the
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typical sudden condensation (without islands) of a metal—
anion coadsorption phase (as, e.g., known for Cu/Au(111)
in sulphate electrolyte [10]) does not happen here. A
tentative explanation is that Ag adatoms carry no coadsor-
bate and thus can attract each other in the same way as in
vacuum deposition. Since almost no third layer Ag was
observed, the interlayer transport is fast (i.e., Ag adatoms
on a Ag terrace diffuse rapidly across a step in accordance
with [25,26]); additionally the high exchange current of a
Ag surface could smoothen the surface [23]. Because a part
of the steps in Fig. 2a has moved, the growth should at
least partially have started at the steps of the first mono-
layer and thereby have changed the step structure.

In summary, the growth appears to be composed of step
flow (the latter process), island formation and enlargement
of the already existing Ag islands. Ag could have nucle-
ated at Ag steps and on Ag terraces. In either case can it
diffuse rapidly on terraces and across steps.

3.3. Second-layer completion

When peak C III is reached (Fig. 2¢), 0.25 ML Ag
adsorb and the surface appears almost as in Fig. 2a, but
without the protrusions — obviously it is now almost
completely covered by two smooth layers of Ag. Apart
from several holes, only some irregularly shaped gaps
close to the substrate steps remain in the second Ag layer.
Fig. 3 shows an image that was recorded under similar
conditions, only on a larger scale. In the upper middle part
the typical double and triple rectangularly shaped steps are
found (they reflect the Pt substrate topography). Some
terraces are only covered by small Ag islands while a
large, coarsely structured Ag island has assembled on the
terrace on the left. The topography almost resembles Fig.
2b since the gaps between steps and island boundaries are
large. These gaps of Fig. 2c and Fig. 3 could be caused by
a strain phenomenon [20] since a pseudomorphic Ag layer

(b)

(c)

Fig. 2. Consecutively recorded STM images (each 50 s) of Pt(100) in 1 mM AgClO, + 100 mM HCIO, showing the deposition of a layer of Ag. 136
nm X 104 nm, tip potential 615 mV vs. SHE, tunnelling current 10 nA. Counter-clockwise: (a) 660 mV vs. SHE, positive of peak C II; (b) 629 mV vs.
SHE, negative of peak C IT; (c) 618 mV vs. SHE, negative of peak C III; (d) 636 mV vs. SHE, positive of peak A IIf; (e) 660 mV vs. SHE, positive of
peak A IL
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Fig. 3. STM image of Ag islands on Pt(100) in 1 mM AgClO, + 100 mM
HCIO, at 620 mV vs. SHE. 153 nm X 142 nm, tip potential 609 mV vs.
SHE, tunnelling current 27 nA.

is compressively strained (Ag-Ag: 0.289 nm, Pt-Pt: 0.277
nm). Atomically resolved images (yet to be obtained)
should assist in elucidating this phenomenon [20].

3.4. Second-layer dissolution

As shown in Fig. 2d, the former state (Fig. 2b) can
easily be reached again by sweeping back through peak A
III. Due to the stochastic nature of the adsorption, the
islands take on different forms and locations than in Fig.
2b. Finally, after sweeping through peak A II and desorb-
ing the Ag, the image (Fig. 2e) becomes almost identical
to Fig. 2a. This means that the second Ag layer deposition
is reversible, except that it leaves again ca. 0.25 ML of
second-layer Ag at almost the same positions as before, a
further indication that the immobile hillocks (i.e. defects)
on Pt(100) act as nucleation sites for Ag.

3.5. Bulk deposition

The deposition of bulk material (the tip was retracted to
avoid shielding effects [20]) results in extended 3D islands.
Unlike Cu /Pt(100) (see fig. 9 of [20]), step lines can only
be detected in some cases, although the Ag bulk structures
are not very rough, which is unusual for 3D growth. Since
bulk Ag can also form rather smooth deposits on Pt(111)
[16] and Au(111) [5,15], one can assume that smoothness
is a general phenomenon for Ag electrodeposition. Of
course, less well defined substrates and high current densi-
ties can, in contrast, lead to very rough and even dendritic
deposits that are encountered in Ag electrowinning.

4. Summary

STM and voltammetry show that Ag from
AgClO, /HCIO, solutions deposits on Pt(100) in a very
special upd phenomenon. After the upd of a single layer,
with some second-layer islands that are pinned to substrate
defects, coalescing islands of a well defined second layer
build up about half a layer. The existence of islands
suggests little perchlorate adsorption and attractive forces
between Ag adatoms, reminiscent of the conditions en-
countered for vacuum deposition. The second upd takes
place at potentials of only several millivolts positive of the
bulk deposition. The Ag nucleation appears to occur at
steps as well as on terraces. Comparable to a theoretical
study and to the situation in Ag(100) homoepitaxy in
vacuum, the growth is governed by rapid adatom diffusion.
A third deposition process at a more negative potential
almost completes the second layer before bulk growth sets
in. In this way at least two layers of Ag can be grown
without the use of surfactants.
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