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Abstract

Using electrochemical scanning tunneling microscopy we have studied the decay of
monolayer high islands on Au(001) electrodes as a function of electrode potential and as a
function of the specifically adsorbed ion on the surface. We find that island decay is diffusion
limited and transport rates depend strongly on electrode potential and on the specifically
adsorbed ion, an effect qualitatively known for long now. In this study we quantitatively
investigate the transport rates and find values for the relevant transport energy barriers in the

different electrolytes.
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1. Introduction

With the ever more shrinking dimensions of surface nanostructures which are expected to lead
further down the road of device minimization, modern device structures and printed circuits
are approaching the nm-scale. Hence, the question whether the nanostructures are stable on
the atomic scale for the life-time of storage devices becomes relevant. For quite a number of
years, solid surfaces and in particular surface structures such as steps were considered merely
as static objects [1]. Throughout the 90ies, however, it became obvious that surface atoms and
defects are very mobile and the mobility may considerably determine the physical and
chemical characteristics of solid surfaces and their interaction with environment [2, 3]. In
order to understand the mobility of atoms and defects theoretical methods from statistical
thermodynamics set out to conquer surface science studies and the analysis of atom and defect
migration. Simultaneously, modern enhanced computer capacity enabled to calculate the
relevant migration energies using ab initio calculations such as density functional theory [4].
Simulations of surface diffusion processes [2] had also their input into these research studies.
Whereas atom migration on solid surfaces in contact with vacuum or a gas phase is quite well
understood today, technically more relevant systems such as solid surfaces in electrochemical
environment still pose a challenge to experiment as well as to theory. The reason lies in the
presence of the liquid, the ions contained in the electrolyte and their interaction with the solid
via direct chemical interactions, adsorption phenomena and charge transfer between the solid
and the liquid. To date there is only few people who dedicated their scientific focus to atom
migration at the solid liquid interface and to the quantitative analysis and the understanding of
diffusion processes on solid surfaces in contact with a liquid [3, 5-16]. In particular the
theoretical input of the Harald Ibach - to whom this volume is dedicated - and his effort to
achieve a thorough insight to atom migration at the solid/liquid interface led to quite some
break-ups of common believes and opened new pathways to the understanding of solid/liquid

interfaces. For our group of experimentalists who experienced the pleasure and challenge to



closely and fruitfully collaborate with him for quite a number of years it is a particular honor
to present some of our most recent activities on scanning tunneling microscopy studies on
atom migration on gold electrodes - a topic he dedicated his main interest throughout the last

decade of his scientific work.

2. A brief review

Quantitative studies on atomic motion on metal surfaces in electrolyte were triggered by an
observation of the Kolb group in Ulm when they discovered that steps on silver electrodes
appear frizzy [17]. The same phenomenon was described earlier by our group for steps on
silver surfaces in ultra-high vacuum (UHV) [18] and is due to fast atom diffusion along the
silver steps during the comparably slow scanning process of the scanning tunneling
microscope (STM) [19]. In a fruitful collaboration with the Kolb group we later analyzed the
step fluctuations on silver electrodes in contact with an electrolyte as a function of the
electrode potential [20] and opened a gateway to a new understanding of surface migration on
electrode surfaces. More recently we extended the previous data on silver surfaces to
measurements of the activation barrier by introducing temperature-variable STM
investigations of electrode surfaces in liquid environment [21, 22]. Whereas our temperature-
variable approach to surface diffusion phenomena on electrodes were the first data of that
kind, it was only six years later that another group attacked the challenge of measuring
activation energies in electrolyte environment of adsorbate diffusion on Cu(100) in HCI
solution [13].

For step fluctuations [20, 23, 24] as well as for island decay studies [14, 25] a general
observation was made that the mobility on electrode surfaces increases exponentially with
electrode potential. The exponential increase of the transport rates with electrode potential has
an important technical relevance in electroplating processes of metal surfaces: It is well-

known fact that raising the electrode potential is equivalent to raising the temperature. To



emphasize this analogy the term "electrochemical annealing" was created for this
phenomenon [26-29]. Though qualitatively well-known for almost two decades now the
explanation for the exponential increase of the transport rates with potential was given only
recently by our group [25]: We showed that the common cause rests in the thermodynamic
condition of charged electrolyte surfaces held at constant potential. We argued that because of
this thermodynamic constraint, all formation energies and activation energies are
renormalized by an electrostatic energy term arising from the interaction of dipole moment of
the defect with the electric field at the interface. This interpretation was recently adopted by
Magnussen and coworkers to explain experimental data on adsorbate diffusion on Cu(100) in
HCl solution [13].

A further effect which is known from electroplating of metal surfaces is that some additives to
the electrolyte may enhance transport rates while keeping the electrode potential constant. To
emphasize the result that metals appear shinier when those additives were used, these
substances were called "brightener". They increase transport rates such that defects are healed
out faster and the residual surface roughness becomes smaller.

After this brief review we will present new data on the decay of Au islands on Au(001)
electrodes in chloride containing electrolytes. In contrast to previous data obtained in sulfuric
acid [25, 30-32], the island decay is now controlled by chloride ions in the electrolyte. We
will consider the potential dependence of the island decay rates and by comparison with the
previous data on Au(001) electrodes in sulfuric acid solution we obtain information on the

dependence of the rates on the active anion in the solution.

3. Experimental set-up
The measurements were performed with the electrochemical version of the Topometrix TMX
2010 Discoverer STM. Our instrument was modified to enable temperature variable STM

recording with high thermal drift stability and is described in detail elsewhere [21, 22]. In the



studies reported here, however, all experimental results were obtained at 297 K. The tip and
the sample potential are independently controlled via a bipotentiostat.

Our studies on the island shape were performed on Au(100) single crystal electrodes which
were cut by spark erosion from a single crystal rod, oriented by diffractometry and polished to
the desired orientation within 0.1°, which is the accuracy of high-quality single crystals. The
accuracy is naturally limited by the mosaic structure of the crystal. Prior to experiment, the
Au(100) electrode was heated in a hydrogen atmosphere and then flame annealed for about 5
min to about 900°C. The temperature was visually controlled by the color of the annealed
crystal. After thoroughly rinsing the cell with Milli-Q water, the crystal was mounted in the
electrochemical STM cell which was connected to the bipotentiostat. The crystal surface was
then brought in contact with the electrolyte under potential control. This was visually checked
at the beginning of each STM experiment by the presence of the well-ordered quasi-
hexagonal reconstruction of the clean Au(100) surface [33]. The mean terrace width of the
crystal was of the order of 100 nm. As an electrolyte, we used suprapure HC1O, and HCI
(Merck) and as described in previous papers suprapure H,SO, as well as Milli-Q water from a
Millipore Elix 3 and A10 Gradient system (18.2 MQ cm™; organic contents <3 ppb). The
STM measurements were performed in 100 mM HCIO4 + ImM HCI and 50 mM H,SOs.

The tunneling tips used in the experiments were etched from polycrystalline tungsten wires
and coated with polyethylene to avoid Faraday currents at the foremost part of the tip [34].
We used a tunneling current of 2 nA. The typical time per image was about 60 s and the STM
images were recorded with a 400x400 pixel resolution in the constant current mode. High-
purity, flame-annealed Pt wires (Goodfellow, 99.999%) served as counter and quasi-reference
electrodes. In the following, the electrode potentials of the metal sample are, however, given
with respect to the saturated calomel electrode (SCE). As a caveat we emphasize that the

electrode potentials denoted here are the nominal values given by the bipotentiostat.



After each experiment we checked the potential by measuring a cyclic voltamogram in the
STM cell. Still we cannot exclude that the potential values as denoted here might deviate from
the real potential by about 50 mV due to possible shifts in the potential during experiment.
For the experimental analysis the monatomic high Au islands were created by stepping the
electrode potential from where the crystal was immersed in the electrolyte to higher potentials
where the (hex)-surface reconstruction is lifted [33]. Fig. 1 shows cyclic voltamograms of
Au(001) in 10 mM HCIO4 + 1 mM HCI (dashed black curve) and in 5 mM H,SOy4 (solid grey
curve) similar to those electrolytes as used in the STM measurements. The voltamograms
were obtained in a separate electrochemical cell and were measured against a saturated
calomel electrode (SCE). The peaks around 140 and 370 mV, respectively, are related to the
lifting of the quasi-hex reconstruction of the Au(001) electrode in the two electrolytes.

The STM experiments were performed at electrode potentials between +300 and +700 mV vs.
SCE in the case of Au(001) in 50 mM H,SO4 and between +190 and +450 mV in the case of
Au(001) in 100 mM HCIO4 + 1 mM HCI. The island shapes of individual islands in the STM
images are determined by a special computer code which searches for the maximum slope in
the grey scale in an STM image described in more detail elsewhere [30, 32]. Starting at a
distinct point in the centre of an island, the program finds the radius of an island for a given
polar angle. The accuracy of the overall shape is given by the step width between individual
polar angles which can be chosen to be a minimum value of 1° (in other words by the number
of base points, at maximum 360), by the pixel noise and by the noise in the STM image. In
the experiments reported here, the island shapes were determined using 200 base points (i.e.
200 number pairs consisting of the island radius and the corresponding polar angle) in the
case of Au(001) in 50 mM H,SO4 and using 360 base points in the case of Au(001) in 100
mM HCIO4 + 1 mM HCI. Depending on the chosen electrode potential, good experimental
conditions lasted 30 min to 2 h. Then, generally, contamination of the electrolyte in the open

STM cell became visible and the measurements were terminated.



4. Results

Fig. 2 shows representative STM image sequences of Au islands on Au(100) in (a) 50 mM
H,SO4 at +400 mV vs. SCE and (b) 100 mM HCIO4 + 1 mM HCI at +400 mV SCE. The
islands are mobile due to atomic motion at the island edges. Smaller islands vanish and larger
islands grow, a phenomenon known as Ostwald ripening [35-37]. Coalescence events where
islands merge with steps or with other islands are also observed. The quantitative analysis of
such events, however, will be discussed elsewhere [38]. Here, we will discuss exclusively
island decay events.

In Ostwald theory two basic scenario are distinguished (for a recent review see [3]): In the
first, the time-limiting step of the island decay is the detachment/re-attachment of atoms at the
island edge. Then, the island area is a linear function of time. In the second case, the time-
limiting step is the diffusion of atoms on the terrace, then the island area changes according to
t*”. In experiment, substantial deviations from the exponent 2/3 may be found. This is due to
the limit of basic approximations made in the analytical theory [3]. However, in the diffusion-
limited case, the decay curves are always curved. A further typical observation in the
diffusion-limited case is the fact that decay curves of individual islands are influenced by their
neighborhood [39, 40]: Larger islands in the vicinity of small islands initially grow in size due
to the mass gain during the decay of their smaller neighbors.

As becomes obvious from Fig. 3, the decay curves of islands on Au(001) are curved.
Furthermore, large islands may initially grow in size (see Fig. 3(b)). Hence, the island decay
is diffusion limited. We have measured the island decay on Au(001) in 50 mM H,SO4 [32]
and in 100 mM HCIO4 + 1 mM HCI in the potential ranges between +300 and +700 mV vs.
SCE and +190 and +450 mV, respectively. For all potentials and electrolytes the island decay

is diffusion limited.



In order to investigate the influence of the electrode potential and the specifically adsorbed
anion on the decay rate, we have determined the rate of individual decay curves for a specific
island size Ay = 100 £2 (with £2=0.0832 nm” being the area of an atom on Au(001)). In Fig. 4,
the results are plotted as black circles (100 mM HClO4 + 1 mM HCI) and grey squares (50
mM H,S04[25]).

The solid lines are exponential fits to the data. For a given potential, the island decay rates are
higher for the case of chloride adsorption on Au(001) compared to the case of sulfate
adsorption. In both cases, the data can be fitted by an exponential increase in agreement with

our previous report [25].

5. Discussion

As was discussed in detail in [25] all formation energies and activation energies are
renormalized by an electrostatic energy term arising from the interaction of the dipole
moment of the defect with the electric field at the charged electrolyte interface held at
constant potential. To first order, formation and activation energies E are therefore a linear

function of the electrode potential ¢,

E(¢)=E(0)- Jeg, (1)

with e the electron charge and A a factor depending on the dipole moment of the defect
considered. We note that 4 may become negative. Without restriction of generality we write
the electrode potential with respect to the potential ¢=0. Whereas in ref. [25] eq. (1) was
analytically derived from thermodynamical considerations, the same ansatz was empirically
derived already several years ago [20]. In the previous work, however, merely plausibility

arguments could be given to justify the use of eq. (1). The linear relationship between energy



and electrode potential, however, was then successfully used to derive an estimate for the
relevant activation and formation energies from the exponential dependence of step
fluctuations on the potential [3, 20-23, 41, 42]. Here, we would like to perform a similar
analysis for the exponential increase of the island decay rates with electrode potential: For
diffusion limited island decay on a square lattice substrate', the decay rate of the island area A

is given by [3]

dA __4my0 exp(_ Eqd(#)+ Eqitr (¢)j pL2 (l_lj. 2

dat kBT kBT n rn

dt lC
( 1 ]
r.

The pre-exponential factor 14 is assumed to be independent of the potential ¢ and to be of the
typical order v = 101371 [44]. €2=0.0832 nm? is the area of an atom on the Au(001) surface

and f is the potential dependent step line tension. For Au(001) in 100 mM HCIO4 + 1 mM

HCI, £ is merely a weak function of ¢ and is of the order ﬁ(¢)z const. = 28meV /& [38],

with a; = 0.288 nm the nearest neighbor atomic distance on Au(001). For Au(001) in 50 mM
H,S0.4, S shows a stronger potential dependence [30, 31], however, for our purposes here, a

mean value of S (¢) ~ const. = 40meV /g is still a good approximation.

In Ostwald theory, the decaying adatom island with radius r; ("inner" island radius) is
considered to be located within a larger vacancy island with radius r, ("outer" island radius).
Those radii occur in the decay equation (2). In real experiments, this ideal situation is rarely
achieved. Rather, islands of the same kind (adatom or vacancy islands) are located next to
each other and in order to obtain a full description of the experimentally observed decay

curves, the Laplace equations for surface diffusion must be solved for the total island

" In the decay equation a factor 77 must be considered which is 7=2/\r for a square lattice [43] ~G. Schulze
Icking-Konert, M. Giesen and H. Ibach, Surf. Sci. 398 (1998) 37-48.
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ensemble [39, 45, 46]. In most cases, however, a reasonable approximation is made if one
assumes the inner radius r; to be the radius of the decaying island considered and the outer
radius r, to be the mean distance of neighboring islands [25]. For our purposes here
reasonable values are r,/ri =2 and r; = 10 a.

According to eq. (1), the adatom formation energy E,q from a kink site in the island edge onto

the terrace and the diffusion barrier Egi¢r on the terrace are potential dependent and given by

Ead(#)+ Eqir(#) = Eaq(0)+ Eqige (0)—edg. 3)

Using eq. (3) in (2) we obtain

dA 4@ exp(_ Ead(0)+ Eqisy (O)J exp( /19¢] B2 ( 1 LJ @

dt kBT kBT kBT ?i_ Iy

[ J
i

Using the values for £2, v, £, ri and ry as discussed above we find

(1) for Au(001) in 100 mM HCIO4 + 1 mM HCI

A(4) ~ —5 63.1013 0] _ Ead(0)+Eqige (0) Aeg
Alg)~ —5.63-10"> 2s exp( T exp T (5)

and

(ii) for Au(001) in 50 mM H,SO,

()~ e oa 1013 ol _ Eu4(0)+ Egigr (0) Aed
Alg)~-8.04-10"° Qs exp( T exp T (6)
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Fitting egs. (5), (6) to the experimental data in Fig. 4 one gets

(i) for Au(001) in 100 mM HCIO4 + 1 mM HCI

2=034%0.03 and E,4(0)+ Egie(0)~0.9eV (7)

and

(ii) for Au(001) in 50 mM H,SOx4

2=042+0.03 and E,4(0)+Egr(0)=1.1eV . (8)

We emphasize that E,q and Egisr are potential dependent and hence, the values in egs. (7), (8)
are valid exclusively for the chosen reference potential at 0 V. However, by using eq. (3) one
easily calculates the respective values for any given potential (Fig. 5). The variation of
EaqtEuair s of the order of 30 % over the considered potential range. The error margins of the
experimental values at 0 V are of the order of 10-20 %. Hence, it is reasonable to discuss the
results for E,g+Egisr in the view of an almost constant energy value over the whole potential
range. For both electrolytes, the energy value is of the order of 1 eV. One can safely say,
however, that the energy value for the chloride controlled electrolyte is systematically smaller
than the energy for the sulfate containing solution. This is in agreement with the general
understanding that chloride serves as a brightener in metal plating, i.e. enhances surface mass
transport and decreases relevant transport energy barriers.

If one compares our results with other data on E,q+Egisr , one finds that the values obtained
here are in the right order of magnitude: Theoretical values on E.4+Egs for Au(001) in
electrolyte or respective experimental data are not available to the best of our knowledge. One

may compare the values, however, with previous results for Cu(111) in 1 mM HCI where
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EagtEgirr = 0.60£0.12 eV at ¢=-420 mV SCE was found [22, 42]. Respective experimental
data for metal surfaces in ultra-high vacuum (UHV) are available for Cu(111) (EagtEgisr =
0.76 £ 0.04 eV [43]), Ag(111) (EaqtEagirr= 0.71 £ 0.03 eV [47]) and Cu(001) (EyactEgisr = 0.73
+ 0.12 eV - here mono-vacancies are the dominant transport species rather than single
adatoms - [40, 48, 49]). Theoretical data for metal (001) surfaces under vacuum conditions
were calculated e.g. for Ni(001) where E,q+E4isr was found to be of the order of 1 to 1.7 eV if
adatoms were considered to be the transport species [50-52]. For Cu(001) and Ag(001)
merely adatom diffusion was considered and values of E,q+Egi between 0.83 and 0.93 eV
[52, 53], respectively between 0.58 and 1.21 eV [50, 52, 54] were obtained.

According to [25] the factor A is related to the dipole moment of the defect. With E=E 4+E it

one has:

E(¢>=E<0>—AE=E<0>—%‘0“°J<¢> ©)

Here, 1" is the dipole moment of the defect in an activated transition state and g is the
dipole moment in the ground state. For the creation of an adatom from a kink site to a terrace
site, u* is the dipole moment of the adatom on a four-fold hollow terrace site and Mo 1s the

dipole moment of the kink. The kink, however, does not vanish after creation of the adatom

on the terrace but leaves a new kink site shifted by one atom distance. For a diffusing atom on

the terrace x4 is to be identified as the dipole moment of an adatom in a transition bridge
state, ' = ,u:d , and g 1s again the dipole moment of the adatom in the four-fold hollow

terrace site. Hence, E can be written as
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o(9). (10)

+
luad

with AE = a(9).

€0
Eq. (10) can be compared with eq. (3), in which AE is to be written as AE =eA¢. The result is

shown in Fig. 6. For the calculation of eq. (10) in Fig. 6 we have used ,u:d =0.144 e A as

obtained from cluster calculations for an adatom on a Au(001) surface with no liquid present
[25]. This value should be in the right order of magnitude [55]. o(#) has been measured for 50
mM H,SO4 and 10 mM HCIO4 + 1 mM HCI and will be published elsewhere [55].

Good agreement between eq. (3) and (10) is achieved exclusively for small potentials.
According to [25] the linear approximation in eq. (10) is strictly valid only when there is no
specific adsorption on the electrode. In both electrolytes, however, sulfate respectively
chloride ions are specifically adsorbed on the gold surface, in particular for electrode
potentials larger than the potential of zero charge (pzc). Hence, one would indeed not expect a

good agreement between the curves for positive potentials with respect to pzc.

Summary

In summary we have analyzed the decay of monatomic high gold islands on Au(001)
electrodes in sulfate and chloride dominated electrolytes. We find that island decay on
Au(001) metal electrodes in these electrolytes is supported by single adatom diffusion and the
decay is diffusion limited. The island decay rate increases exponentially with electrode
potential. From a detailed atomistic analysis of the potential dependence we obtain reasonable

estimates for the sum of the adatom formation energy E,q and the surface diffusion barrier
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Ediff (Ead+Ediff ~ 1.1 eV in 50 mM HZSO4 and Ead+Ediff ~ 0.9 eV in 100 mM HCIO4 + 1 mM

HCI).
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Figure Captions
Fig. 1: Cyclic voltamograms of Au(001) in 10 mM HCIO4 + 1 mM HCI (dashed black curve)
and 5 mM H,SOy (solid grey curve). Scanrate 10 mV/s.
Fig. 2: STM image sequences of Au(001) electrodes in (a) 50 mM H,SO, and (b) 100 mM
HC1O4 + 1 mM HCL
Fig. 3: Decay curves of Au islands on Au(001) in (a) 50 mM H,SO4 at +500 mV SCE [32]
and (b) 100 mM HClO4 + 1 mM HCI at +190 mV SCE. The island area is given in atoms (the
area of an atom is £2=0.0832 nm?).
Fig. 4: Decay rate of Au islands on Au(001) in 50 mM H,SO4 (grey squares) [25] and 100
mM HCIO4 + 1 mM HCI (black circles). The decay rate was determined for islands of size
A=100 2
Fig. 5: Potential dependence of E,qtEg;r ¢ for Au(001) in 50 mM H,SO4 (grey line) and 100
mM HCIO4 + 1 mM HCI (black line) according to egs. (3), (7) and (8) using a potential-
independent pre-exponential factor of 1=10"s".

Hag
Fig. 6: Plot of AE :ga@ﬁ) calculated from the dipole moment ,u:d of an adatom on the
surface and from the measured surface charge o(¢) according to eq. (10) for Au(001) in 50
mM H,SO; (grey solid line) and in 10 mM HCIO4 + 1 mM HCI (black solid line) [55]. The
dashed lines are the results for AE=el¢ using eqs. (7), (8). For the two electrolytes the

position of the pzc is indicated by the vertical dotted lines at —0.015 and -0.12 V,

respectively. See text for discussion.
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(ii) t=430 s

(iiii) t=470 s

Fig. 2
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