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ABSTRACT

Gold and palladium electrodeposition in polymer films immersed in solution with high resolution has been accom-
plished using the scanning electrochemical microscope (SECM). The SECM was used in the feedback mode, where hexa-
amminoruthenium(I1I), Ru(NH,)**, was reduced at an ultramicroelectrode (UME) and diffused to a protonated polyvinyl
pyridine-coated surface. When metal anions, e.g., AuCl,~ or PdCl?", were incorporated in the polymeric matrix, the diffu-
sion of reduced mediator, Ru(NHj)**, from the UME to the polymer film resulted in metal deposition. The different factors
that determine the size and pattern of deposited metal were examined. The difference between gold and palladium deposi-
tion was studied by several techniques and interpreted in terms of kinetic and thermodynamic properties of the mediator

and the metal complex.

We introduce here a new method for depositing metals
with high resolution with the scanning electrochemical
microscope (SECM) by using a redox mediator and de-
scribe experiments on the deposition of Pd and Au in a
polymer matrix. The desire for smaller and smaller de-
vices, especially in microelectronics, has resulted in the
development of new techniques (1) such as x-ray lithogra-
phy for high resolution pattern production. These tech-
niques are applied in integrated circuit production, where
patterns of the order of several tenths of a micron are
formed. Intensive efforts are still being made (2) to find
new techniques with higher resolution and to fabricate
masks for x-ray and UV lithography.

One approach to high resolution fabrication has in-
volved the use of the scanning tunneling microscope
(STM) (3). An alternative technique involves the use of the
SECM. Several studies from our laboratory (4-6) have dem-
onstrated the application of the SECM to characterize sur-
faces immersed in an electrolyte and to etch and deposit
features. With the SECM an ultramicroelectrode (UME) tip
whose motion is controlled by piezoelectric elements (as in
the STM) is scanned over the substrate surface. The
faradaic current that flows between the UME and the sub-
strate promotes the desired reactions at the tip and at the
surface. Metal deposition and etching have been achieved
(6) by scanning a small tip over a substrate coated with an
ionically conductive polymer that contains metal ions. The
application of a negative potential to the tip causes the di-
rect reduction of metal ion in the polymer at the tip and
etching of the metal substrate below the polymer film. Al-
ternatively, a negative potential applied to the substrate
leads to metal deposition on the substrate and an oxida-
tion process at the tip. Submicron patterns have been pro-
duced at the tip by this approach. In this direct deposition
and etching approach, the polymer film is exposed to air
and plays the role of the electrolyte. The size of the pattern
produced is largely a function of the electrical field (and
current density) distribution.

The characterization of surfaces of different substrates
(both conductors and insulators) has also been carried out
with the SECM in solutions containing a redox active spe-
cies (4, 5). In one approach (called the feedback mode) the
distance between the UME and the surface is monitored
and determined by changes in the faradaic current. An in-
crease in the current (positive feedback current) is caused
by the regeneration of the redox species electrolyzed at the
UME when the electrode approaches a conductive surface.
A decrease in the current, due to the hindrance of the
hemispherical diffusion to the UME, occurs when the elec-
trode approaches an insulator. Conductive and insulating
surfaces have been mapped in this way to provide top-
ographic surface scans (5).

However, no attempts have previously been made to use
the feedback mode for the high resolution modification of
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surfaces immersed in solutions. Because an electron trans-
fer process occurs between the generated redox couple
and the surface, this approach can clearly be used to drive
electrochemical reactions on surfaces (Fig. 1). The feed-
back mode of surface modification is different than the di-
rect mode in that the deposition reaction occurs through
reaction of a soluble tip-generated species with a suitable
metal precursor in the polymer film, rather than directly at
the tip. In the feedback deposition mode, the polymer film
is immersed in a solution containing electrolyte and a
redox species. Here we report the successful electrodeposi-
tion of gold and palladium using this approach. A reduced
mediator is used both as a means to control the distance
between the UME and a surface, and in addition, to reduce
metal ions which are incorporated in a polymeric film.

Experimental

The SECM was based mainly (6) on a micropositioning
device (Burleigh Instruments, Burleigh Park, Fishers,
New York) that controlled the movements of three piezo-
electric drivers (inchworms). The speed of these drivers
could be varied from 100 A/s to 2 mm/s. The sample was at-
tached to the x-y stage, while the UME was mounted on
the z piezoelectric drive. The SECM was mounted on an
NRC pneumatic isolation mount (Newport Corporation,
Fountain Valley, California) and shielded with a copper
sereen Faraday cage.

The ultramicroelectrode (UME) was biased with a
Princeton Applied Research (PAR, Princeton, New Jer-
sey) Model 173 potentiostat, and the current, as a function
of time or voltage, was recorded on a chart recorder. Cyclic
voltammetry was carried out with either the PAR poten-
tiostat or a BAS 100 electrochemical analyzer. UV-visible
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Fig. 1. Overall scheme for the deposition of gold and palladium using
the SECM in the feedback mode.
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spectra were measured by an HP8450A spectrophotomer
(Hewlett Packard, Palo Alto, California). The thickness of
the polymer films was detemined by an Alpha-step 200
profilometer (Tencor Instruments, Mountain View, Cali-
fornia) and the electron micrographs were taken with a
scanning electron microscope (SEM, Jeol JSM-35C)
equipped with an electron dispersive spectrometer (EDS,
Kevex Analyst 8000, Kevex Corporation, Foster City, Cali-
fornia) for elemental analysis.

Palladium chloride, PdCl,, and hexaammine rutheni-
um(ID) dichloride, Ru(NH;)sCl,, were purchased from Alfa
Products (Danvers, Massachusetts). Polyvinylpyridine
(PVP, M.W. ca. 200,000) was ordered from Scientific Poly-
mer Products, Incorporated, (Ontario, New York). Propyl
viologen sulfonate (PVS) was synthesized according to a
literature procedure (7). All other chemicals were pur-
chased from Aldrich Milwaukee, Wisconsin). Milli-Q re-
agent water (Millipore) was used for the aqueous solutions.
Platinum (10-50 pm diam) and carbon (11 pm) UME sealed
in a glass capillary were fabricated as described previously
(4). A glassy carbon disk electrode (BAS 3.0 mm diam) was
used for cyclic voltammetry experiments. Quartz disks 0.5
in. diam (ESCO Products, Oak Ridge, New Jersey) were
used as substrates.

The spin coating solution contained 0.67% weight per-
cent (w/o) PVP and 0.067% (w/o) 1,6-dibromohexane as a
cross-linking agent dissolved in 2-propanol. Platinum-
sputtered quartz disks, carbon-deposited quartz disks, and
indium tin oxide (ITO) rectangles were spin coated with
five drops of the 2-propanol solution at 5000 rps and left at
90°C for at least 18h.

In a typical experiment a PVP spin-coated substrate was
attached to a small, flat Teflon cell and soaked in a 0.1M
HCI solution containing 0.05M metal complex, e.g.,
NaAuCl,, for 30 min. The sample was then carefully
washed with water and placed in the SECM. The UME was
brought close to the surface (ca. 1 mm) and a 10 mM solu-
tion of the mediator in 0.1M HCI was added. A saturated
calomel reference electrode (SCE) was immersed into the
Teflon cell, which also contained a platinum wire counter-
electrode. The sample was left to equilibrate for 15 min be-
fore the UME was made to approach the surface. The cur-
rent as a function of time was recorded upon approaching
the surface and translated later into a current-distance
curve using the SECM calibration curves for insulating
substrates (5) and the approach speed. When several ex-
periments were carried out with the same sample, the po-
tential was turned off and the UME was backed slightly
away from the surface before moving it to another spot.
The UME could be brought to the same distance from the
surface by moving it towards the surface until exactly the
same current was measured.

For cyclic voltammetry experiments, the glassy carbon
electrode (GCE) was spin coated with five drops of the
PVP solution (5000 rps). The background was first meas-
ured after allowing the electrode to equilibrate for 10 min
in 0.1M HCI solution. Then the electrode was soaked in the
metal complex solution for 30 min and rinsed with water;
the voltammogram was recorded 5 min after the electrode
was immersed in 0.1M HCL

UV-visible spectra were recorded after the PVP/ITO
samples were soaked in the metal complex solutions for
30 min and rinsed with water.

Results

Deposition of Au and Pd by generation of
Ru(NH)¢'.—When a sufficiently negative potential (—0.3V
vs. SCE) was applied to a UME, which was held far from
any surface, and immersed in a solution containing 10 mM
Ru(NH,)s*' and 0.1M HCIl, Ru(NH;);*' was formed and a
steady-state current was reached within a few seconds.
The steady-state current was smaller, when the UME was
held near (several microns) a PVP-coated surface. This
negative feedback current was not dependent on the type
of substrate used below the insulating PVP film,; i.e., plati-
num, carbon on glass, or glass. Moreover, similar current
vs. UME-surface distance curves were obtained with poly-
mers of different charge, such as protonated PVP (posi-
tively charged) and Nafion (negatively charged). However,
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when the PVP-coated substrates contained AuCl,~, very
different behavior was found. As the electrode approached
the surface, the current first increased above the steady-
state value (signaling positive feedback or regeneration of
Ru(NH,)¢*' at the PVP surface) followed by a rapid de-
crease (as the reactant causing regeneration was depleted).
SEM pictures (Fig. 3a) show that while gold disks are
formed, the gold distribution inside the disk is not uni-
form. The inner part of the disks contains small gold parti-
cles, as confirmed by EDS, while the outer part is darker
and contains fewer gold particles. Sometimes the outer
parts of the disks could be washed away with water. A gold
complex is probably first produced, and upon continuous
electrolysis, it is further reduced to gold. The initial elec-
tron transfer process between Ru(NH;)s?' and AuCly is
very fast, as shown by the effect of increasing the speed of
approach of the UME to the surface (Fig. 2a). The increase
of the positive feedback current means that the reduced
mediator is oxidized by the surface fast enough to respond
to sudden changes in the concentration of Ru(NH;)¢*' on
the surface. This fact allowed the production of patterns
other than disks, as shown in Fig. 3b. For example, when
the UME is scanned over the surface at a constant dis-
tance, which is maintained by holding the current con-
stant, the gold complex is reduced, and as aresult, a line is
formed. The width of the line is governed by the speed of
the scan as shown in Fig. 3b, as well as by other parame-
ters, which are discussed later. Note that the line is mainly
composed of a gold complex and is not a metallic gold line
as is proved by EDS and SEM (compare Fig. 3a and b).

On the other hand, when the PVP-coated substrate was
first soaked in PACL/HCI, only a current decrease was ob-
served when an UME was moved towards it under similar
solution conditions, and palladium rings were formed
(Fig. 3¢). Increasing the speed of UME approach to 23 pm/s
did not result in a positive feedback current. To form the

120
100 a
< 80
[=
=
§ 60
b
=] - & -
O 40
8 4.06 um/
20 o 728umisec
] B 23.2 um/sec
O L L
0 100 200 300
Distance/um
<
c
=
c
g
5
Q
0 1
0 100 200

Distance/um

Fig. 2. Steady-state current of a 25 um Pt UME (E = —0.3V vs. SCE)
as a function of distance from a PVP-coated substrate in a 10 mM
Ru(NH;)s3'/0.1M HCI solution. (a) After soaking the substrate in
0.05M NaAuCl,/0.1M HCl solution, (b) after soaking the substrate in
0.05M PdCl,/0.1M HCI solution.
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Pd rings, the biased UME had to be left for a longer time
(at least 8 min) above the polymer film compared to the
gold samples. Control experiments did not reveal any kind
of patterns on the polymer when the PVP had not been
presoaked in a metal ion solution.

Factors determining size and shape of patterns—
Various experiments were conducted to examine the fac-
tors that affect the size and shape of the patterns. We found
at least four extrinsic parameters that determined the
structure of the metal deposit. The size of the paltern was
linearly dependent on the distance between the UME and
the surface, as can be seen in Fig. 4, This was true for both
the gold disks and the palladium rings. Furthermore, the
size of the structure formed depended on the ratio of the
radius of the insulator in which the Pt or C was embedded
and the radius of the Pt or C. The smaller the insulator, the
bigger were the disks or rings that were produced (Fig. 4a).
The size of the Pt or C electrode itself (usually 25 pm) af-
fected the steady-state current as well as the size of the pat-
tern. Smaller electrodes, down to 10 pm diam, yielded
smaller gold disks (Fig. 4b).

An important factor in the size of the deposited feature
was the time that the biased UME was held close to the
surface. In the case of gold, the radii of the disks formed
depended on the square root of time, as shown in Fig. 5b.
However, this dependence was observed only for disks
that were smaller than the insulator size. As shown in Fig.
5a, the rate of growth of the gold disks was much slower
once the radius reached that of the UME (ca. 120 wm). Note
that when PdCl, was used, the rings did not grow in radius
as a funetion of time, but became clearer, i.¢., more palla-
dium was deposited in the same region.

Clearly, the most striking difference in the shape of the
deposits are produced when the metal complex is varied.
As mentioned before, gold disks were formed when PVP
was soaked in a solution of NaAuCl,/HCI, while palladium

100,00 UTMSE.

Fig. 3. Scanning electron micrographs: (a, top left) gold disks formed
upon leaving a 10 pm Pt UME (E = —0.3V vs. SCE) at various distances
from a AuCl, /PVP-coated substrate for 5 min per pattern. (b, above) A
line formed by scanning with a 10 pm Pt UME (E = —0.3V vs, SCE)
over a AuCly /PVP-coated substrate at two different speeds (2.3 and
1.27 pmi/s). (c, left) Palladium rings produced with a 25 um Pt UME
that was held ot 0.3V vs. SCE for 30 min per pattern over a PACl,* /
PVP-coated surface.

rings were detected when the same polymer was soaked in
a PdCly/HCI solution. To account for this behavior, several
different types of experiments were carried out.

Spectroscopic measurements were made to determine
metal 1on concentrations in PVP films coated on indium
tin oxide (ITO) electrodes. Figure 6 shows the spectra of
PVP/ITO electrodes which were soaked in HCV/AuCl, and
HCL/PdCl, solutions, before and after applying a negative
potential to the ITO electrodes (—0.35V vs. SCE). As can be
seen, not only was the concentration of AuCly (e33 = 5.4 »
10° M~'em™') higher than that of PdCL* (ezy = 6.5 x
10° M ' em ") in the PVP/ITO, but upon applying a nega-
tive potential, only minor changes could be detected in
PdCL?" spectrum, while the AuCl,” absorbance com-
pletely disappeared.

Cyclic voltammetry experiments were undertaken to
gauge the ease of penetration of the Ru(NH,);*' into the
PVP films and to examine the reduction waves of the
metal complexes contained in the films. Figure 7T shows
different cyclic voltammetry experiments. To determine
whether the reduced mediator, Ru(NH;);*', penetrated the
positively-charged PVP, the cyclic voltammetry of the me-
diator was examined at a bare electrode and the behavior
compared to that at a PVP-coated electrode (Fig. Ta). The
cathodic current at the coated electrode was 86% of the
bare electrode value, indicating that the reduced species,
Ru(NHs)s*', easily penetrated the polymer. Significant dif-
ferences were observed between the cyclic voltammetry of
a PVP-coated electrode that was immersed in a
NaAuCly/HCl1 vs. a PACl,/HCI solution (Fig. Tb, ). Neither
voltammogram is reversible, and both show a reduction
wave on the first scan, presumably due to the reduction of
AuCly and PdCl® to gold and palladium, respectively.
The reduction of the gold complex occurs at 0.46V vs. SCE
with a cathodic peak current, i,., of 39.2 pA, while the re-
duction of the Pd complex occurs at —0.32V vs. SCE with
an iy of 15 pA. These results can be compared to the cyclic
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Fig. 4. The dependence of the diameter of gold patterns as a function
of distance between the UME and the surface. (a) 25 pm Pt UME and
different insulator-to-electrode radii ratios (RG): RG large ca. 10; RG
small ca. 6. (b} With different Pt electrodes and a large insulator-to-
electrode radius ratio (RG > 10).

voltammetry of these complexes in homogeneous solu-
tion. The cathodic wave of AuCl,~ in the film occurred at
more positive potentials (by 90 mV), while the cathodic
wave of PACL?™ in the film occurred at more negative po-
tentials (by 160 mV) (Fig. 7b, c).

Several experiments were carried out with more nega-
tive redox couples as mediators in place of Ru(NH;)6".
Methyl viologen, MV?*, and propyl viologen sulfonate,
PVS, are reduced at —0.75V vs. SCE at a carbon UME
(11 pm). A carbon electrode was used here to prevent hy-
drogen evolution in this acidic medium (0.1M HCI). Both
gold and palladium formed disks, when the viologens
were used as mediators.

Mixing solutions of PACL?*" with Ruw(NH;)¢* with rapid
magnetic stirring gave an essentially instantaneous color
change, with a precipitate forming at concentrations above
0.02M. These results suggest that the homogeneous reac-
tion is very rapid. A remarkable change in the SECM cur-
rent-distance response with Pd(II) was noticed when Cl-
was replaced by Br-, [i.e., when Pd(NOy), in HBr was used
rather than PdCL in the film]. A slightly positive feedback
current was observed and Pd disks were formed (Fig. 8).
Figure 6 shows the UV/visible spectra of a PVP/ITO elec-
trode soaked in a solution of PA(NO3), in HBr before and
after applying —0.35V vs. SCE. The cyclic voltammogram
of a glassy carbon electrode coated with PVP and soaked
with the same solution is shown in Fig. 7d. The cyclic volt-
ammogram reveals a cathodic wave with i, of 58 nA at
—0.24V vs. SCE, which is only slightly shifted (ca. 10 mV)
compared to that in I-Qmogeneous solution.

i
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Fig. 5. The dependence of the radii of gold patterns as a function of
electrolysis time {a) and as a function of the square root of time for pat-
terns smaller than the insulator diameter (b).

Discussion
The theory of an UME in homogeneous solution is well
established (8). According to this theory, the steady-state
current at a disk UME in a solution that contains an elec-
troactive species at concentration C* is given by Eq. [1]

i = 4nFDrC* (1]

where n is the number of electrons transferred, F is the
Faradaic constant, D is the diffusion coefficient, and r is
the UME radius. However, when an UME approaches a
surface, this equation no longer holds either because of an
electron transfer reaction that occurs on the surface or be-
cause of hindrance of the flux of electroactive species to
the UME (4, 5). Thus, changes in the steady-state current
are observed when the distance between the electrode and
the surface is of the order of the UME diameter. In other
words, the distance between the UME and the surface can
be controlled and determined by measurement of ratio of
the steady-state current with respect to the long distance
value. This is the basic concept in the use of the SECM for
topographic mapping of a surface.

Accordingly, an increase of the steady-state current (pos-
itive feedback current) is observed when a biased (-0.35V
vs. SCE) Pt UME (25 pm diam) approaches a platinum sur-
face in a 10 mM Ru(NH,)#*/0.1M HCI solution. Note that
the surface is not connected to an external source, but its
potential is poised by the contacting solution, which gov-
erns the substrate potential. The positive feedback current
is due to the regeneration of the oxidized species,
Ru(NH,)*, on the metal surface. The magnitude of the in-
crease in the current fits the theoretical treatment recently
proposed (4, 5).

On the other hand, when the surface is spin coated with
an ionically conductive polymer, e.g., protonated PVP, a
current decrease is found. The thickness of the polymer
used was 0.1-0.2 pm. This means that no electron transfer
occurred between the reduced mediator and the polymer,
which also effectively blocked the underlying Pt from con-
tact with Ru(NH,)s**. When Nafion was used as a coating
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Fig. 6. The UV-visible absorbance spectra of PVP/ITO samples
soaked in (a) 0.05M PdCl,/0.1M HCI solution; (b) 0.05M NaAuCl,/
0.1M HCl solution; (c) 0.05M Pd(NO;),/0.1M HBr solution, before (A)
and after (B) applying —0.35V vs. SCE.

polymer, the same decrease in current of the UME was ob-
served when the UME approached the film. Since the Na-
fion film contained Ru(NH;)¢**, which was exchanged into
the film upon contact with the mediator solution, the re-
sult suggests that the rate of the electron self-exchange re-
action between (RU(NH3)6* Inafion and (RU(NH3)6? o Was
too slow to cause significant regeneration of the 3+ species
in solution.

The film was used to attach electroactive species to the
surface. Protonated PVP has been extensively studied (9)
as a means of attaching negatively charged species, such
as Mo(CN)s*~ and Fe(CN)s*~, to an electrode surface. We
have shown here that anions, e.g., PACl,*~ and AuCl,", are
also strongly adsorbed on protonated PVP. The UME re-
sponse found in SECM for an electronically insulating
polymer film containing a finite amount of an electroactive
species, e.g., AuCl;, is different than that found with ei-
ther an electronically conductive or insulating substrate
(Fig. 2a). As the UME approaches the surfaces, a positive
feedback current is first detected. However, the current
decreases to a level below the steady-state value, even
when the electrode is kept at a constant distance. This
clearly indicates that the reduced mediator (ie.,
Ru(NH,)¢**) is first oxidized by the gold complex, but the
current decreases when the AuCl,~ contained in the film
below the UME has been consumed. Indeed, metallic gold
structures are seen in the film when the UME is removed
(Fig. 3a). The reduction of AuCl,” by Ru(NH;)¢* " was exam-
ined by Lever and Powell (10) and involves a rather com-
plicated reaction sequence. The first process yields a pur-
ple complex, which undergoes further reduction to form
gold (Eq. [2]). The overall reaction is

3Ru(NH;)?* + AuCly” — 3Ru(NHy)s*" + Au + 4Cl1- 2]

A PVP film soaked in a palladium chloride complex so-
lution shows a different behavior. A current decrease is al-
ways found (Fig. 2b), indicating that the electron transfer
process between Ru(NH,)>* and the metal anion is much
slower. A careful examination of the current-distance
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curve shows it to be essentially the same as the one found
when no Pd anions are incorporated into the PVP film. In
other words, no appreciable amount of reduced mediator
is generated by the PdCl?™ in the film. This is also con-
firmed by the fact that the UME had to be held for a longer
time close to the surface to form any noticeable pattern.
Surprisingly, the patterns that are formed with the Pd-
complex are ring shaped (Fig. 3c). Elemental analysis (by
EDS) of the pattern showed higher concentrations of me-
tallic palladium only on the ring, while the amount of pal-
ladium measured inside the ring was not higher than the
background. Thus, PACL2", which penetrates the PVP film
upon soaking in a PdClyHCI solution, was reduced by
Ru(INH3)¢?" to form Pd metal in an overall reaction

2Ru(NH;)e?* + PACL?” — 2Ru(NHy)s** + Pd + 4C1- [3]

Pattern-affecting parameters.—Since the size and shape
of the patterns formed determine the usefulness of this
technique in microfabrication, we investigated the differ-
ent parameters that affect the pattern structure. Four ex-
trinsic factors control the size of the pattern; namely, the
distance of the UME from the surface, the ratio of the radii
of the insulating sheath and the microelectrode, the diame-
ter of the microelectrode, and the electrolysis time. In
other words, in a fast electron transfer process, where the
reduced mediator reacts rapidly with the species in the
polymer film, these factors will determine the size of the
pattern produced.

UME-surface distance.—The dependence of the diameter
of the pattern formed on the distance is linear, as shown in
Fig. 4. A conical concentration profile is expected between
the UME and the surface. This profile can be interpreted in
terms of the shape of the UME and the diffusion field; i.e.,
the relatively large insulator around the electrode provides
a cylindrical volume between the UME and the surface. In-
side this cylindrical volume a conical concentration profile
of the reduced mediator is established by diffusion. The
truncated cone volume is expected to reach a steady state
in which the flux of the oxidized mediator towards the
UME is equal to the flux of the reduced mediator from it.
This steady state is confirmed by the fact that the current
is very stable, even when the UME is maintained very
close to the surface. Note that the diameter of the bigger
base of the truncated cone (which is on the surface) is pro-
portional to the distance between the surface and the
UME, and thus a linear dependence between the pattern
diameter and the distance is anticipated.

Insulator-electrode radii ratio.—According to simulations
(5) and the qualitative picture given above, the system
reaches a steady state in which the concentration of
Ru(NHj)g?* is almost uniform within the cone volume,
while a sharp decrease in its concentration is expected out-
side this cone. Therefore, a smaller insulating sheath will
cause a larger diffusion range of the reduced mediator. The
insulator limits the spherical diffusion of the electroactive
species and consequently leads to the formation of smaller
patterns. The exact dependence of the size of the patterns
made, as a function of the insulator/electrode ratio is diffi-
cult to obtain because of limitations in fabrication of elec-
trodes with smaller, yet accurately known, insulator/elec-
trode ratios. Nevertheless, Fig. 4a shows that this behavior
was obtained, i.e., reducing the ratio of insulator-to-elec-
trode radius led to the formation of bigger gold disks.

Electrode diameter.—The electrode diameter determines
the steady-state current (Eq. [1]). Experiments performed
with different electrodes, ranging from 10-50 pm diam, re-
sult in gold disks that are proportional to the electrode di-
ameter (Fig.4b). Thus, bigger gold disks are obtained
when a bigger electrode is applied for the same time and at
the same electrode-surface distance. Note that all of these
experiments were conducted with high insulator/electrode
ratios and at a constant UME-distance. Since electrodes
down to 0.6 pm diameter have been fabricated, much
smaller patterns can, in principle, be produced.

Electrolysis time.—Since the reduced mediator is gener-
ated at the UME and diffuses to the surface, it is expected
that the electrolysis time, i.e., the time during which a po-
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Fig. 7. Cyclic voltammograms taken with a glassy carbon electrode (GCE, 3.0 mm diam) and a scan rate of 100 mV/s. (a) In 10 mM
Ru(NH3)3'/0.1M HCl solution; (1) bare electrode; (2) 1 min after immersing a PVP-coated electrode. (b) In 1 mM NaAuCl,/1.0M HCI solution with
a bare electrode (bottom) and in a 0.1M HCl solution with a PVP-coated electrode that was soaked in 0.05M NaAuCl,/0.1M HCl solution for 30 min
(top). (c) In 1 mM PdCl,/0.1M HCl solution with a bare electrode (bottom) and in a 0.1M HClI solution with a PVP-coated electrode that was soaked
in 0.05M PdC1,/0.1M HCI for 30 min (top). (d) In 1 mM Pd(NO5),/0.1M HBr solution with a bare electrode (bottom) and in a 0.1M HClI solution with

a PVP-coated electrode that was soaked in 0.05M Pd(NO;),/0.1M HBr solution for 30 min (top).

tential is applied to the UME, will determine the diffusion electron transfer occurs between the mediator and the spe-
range and thus affect the size of the pattern formed. How- cies at the film surface. Figure 5a shows the dependence of
ever, such behavior should be anticipated only when a fast the pattern radii on the electrolysis time. The gold disks
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Fig. 8. Scanning electron micrograph of palladium patterns formed
upon leaving a 25 um Pt UME (E = —0.3V vs. SCE, 10 min) close to a
PVP-coated substrate which was soaked in 0.05M Pd(NO;),/0.1M HBr

solution for 30 min.

grew constantly as a function of time until they reached a
certain radius, and then the increase slowed, but did not
stop. The sudden change in the rate of the disk formation
follows the UME radii, namely, disks are rapidly formed
until they match the size of the insulator of the UME. This
is again interpreted in terms of the concentration profiles.
Once the volume between the UME and the surface is
filled with the reduced mediator, the changes in the con-
centration profiles will be smaller, because of the large
spherical volume the mediator can diffuse into. The radii
of the patterns formed within the UME limits depend on
the square root of time (Fig. 5b), as is expected for a diffu-
sion-controlled process. The diffusion distance, 8, is given
by Eq. [4], where D is the diffusion coefficient and t corre-
sponds to the electrolysis time

3= VnDt [4]

However, for the radii of the patterns to depend on the
square root of time, the electrode-surface distance must be
much smaller than the diffusion distance. This condition
was maintained in all our experiments. The diffusion coef-
ficient calculated from Fig. 5is D = 2.8 x 108 cm? s7! and
is smaller than the value for Ru(NHs)s?" in homogeneous
solution, since the mediator must penetrate into the poly-
mer to reduce the metal complex. Therefore, the experi-
mental value is a function of the diffusion coefficient in ho-
mogeneous solution and in the polymeric matrix.

The nature of the metal complex.—The main difference
between the gold and the palladium samples is the shape
of the patterns that are formed. The experiments are
highly reproducible, and yet only gold disks are formed
when the PVP-coated substrate is soaked in a
NaAuCly/HCI solution, while palladium rings are observed
using a PAdClyHCI solution. Varying the extrinsic parame-
ters discussed above, such as increasing the electrode-sur-
face distance or the electrolysis time, never resulted in a
change in form, i.e., palladium disks or gold rings. To ac-
count for this difference, other techniques were applied to
obtain additional information about the reactions.

The electronic absorbance spectra of PVP films soaked
in NaAuCly/HCl and PdCly/HCl solutions (Fig. 6A) indicate
that the concentration of the gold complex in the film is
higher than that of the palladium chloride anion. If we as-
sume a similar extinction coefficient for the anions in the
films and in a homogeneous solution, the concentration of
gold anions is two to four times higher than that of the pal-
ladium anions.

Cyclic voltammetry supports these findings (Fig. 7b, c).
A prominent reduction wave (i, = 39.2 pA) is observed
during the first cycle of a glassy carbon electrode (GCE)
spin coated with PVP and soaked in NaAuClyHCI solu-
tion, while only a small reduction peak (i, = ca. 15 nA) is
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detected when the GCE is soaked in PdCly/HCl solution. In
both cases, the reduction waves show no anodic waves on
reversal and disappear during the second and subsequent
scans. This behavior is consistent with the proposed reac-
tion path, where the metal ions are reduced to the free met-
als on the cathodic potential sweep and are essentially de-
pleted from the film during a single sweep at 100 mV/s.
The anodic peaks seen at the GCE soaked in PACL,/HCl so-
lution are probably related to the desorption of hydrogen
from the electrodeposited palladium. The CV results sug-
gest that the different shapes of the patterns might be due
to the difference in the concentrations of the two species,
i.e., AuCl,  and PdCL3? . However, gold disks and palla-
dium rings are still formed when either the concentration
of the gold anion in the soaking solution is decreased by a
factor of 100 or the palladium anion concentration is in-
creased ten times. Moreover, gold disks are also formed
when a competitive anion such as SO,*” (0.1M) is added to
the soaking solution, although these disks contain a
smaller amount of gold.

We feel important factors in the production of disks vs.
rings are the ease and rate of reduction of the metal complex
in the PVP by the reduced mediator. The cyclic voltammo-
gram of RuW(NH;)¢** at a bare and PVP-coated GCE (Fig. 7a)
shows that the incorporated anions are accessible to the re-
duced mediator. Examination of the cyclic voltammo-
grams of the metal anions in PVP films (Fig. 7b, c¢) allows
one to estimate the reduction potential for both com-
plexes. The reduction of AuCl,™ occurs at 0.46V vs. SCE in
the PVP film, with the reduction of PdCl, at —0.32V vs.
SCE in the film. The formal potential for reduction of
Ru(NH;)** in 0.1M HClis E* = —0.18V vs. SCE (Fig. 7a), so
that the reduction of the palladium chloride anion by the
reduced mediator faces a slight energy barrier, and thus
will be much slower than the rate in homogeneous solu-
tion, which is very fast. This assumption is supported by
other results. Figure 6B shows the electronic spectra ob-
tained after applying —0.35V vs. SCE to the PVP/ITO films
which were soaked in either a Pd(II) or Au(Il) anionic
complex solution for 30 min. The gold absorbance disap-
peared completely, while only small changes were de-
tected in the film containing palladium.

To confirm this assumption relating ease and rate of re-
duction with deposit shape, we examined a Pd-complex
that reduces at less negative potentials, PdBr,*". There are
two differences between the PdBr,>~ and the PdCl" cy-
clic voltammograms. The cathodic current of PdBr,* is 3.9
times larger than that of the chloride complex, indicating
that the concentration of PdBr,?~ in PVP is higher, assum-
ing the diffusion coefficients of both species are essentially
the same in PVP. This is supported by the electronic spec-
tra of PVP/ITO films, which were soaked in the bromide
and chloride palladium solution (Fig. 6A). According to
these measurements, the concentration of PdBr™ is 5.1M,
while the concentration of PACl? is 0.8 = 0.3M. The sec-
ond difference concerns the redox potential. The cathodic
wave of PdBr2~ occurs at more positive potentials than
that of PdCl1,>"; hence, this Pd complex should be reduced
more easily by Ru(NHj)¢?' than is PACL?* . Indeed, using
the SECM in the feedback mode with RuW(NH;)s*' as a me-
diator and Pd(NO;),/HBr as a soaking solution leads to a
slight positive feedback current when the UME ap-
proaches the PVP surface. This is followed by the forma-
tion of Pd disks (Fig. 8) when the UME is held in position
for a short time (1-2 min).

However, careful examination of the Pd disk by SEM re-
veals that the periphery contains a higher Pd concentra-
tion than the inner part. Possibly, the rings formed by
PdCL?" reduction contain undetectable amounts of Pd in
the inner part, because of the lower concentration of
PdCL? in PVP films. The accumulation of Pd in both
cases in the periphery might be due to the diffusion of Pd
ions towards the ring or disk regions. Nonetheless, we as-
sume that the difference in PdBr,>~ and PdCl,>~ behavior
is caused mainly by a difference in the thermodynamic
redox potential rather than by a difference in the concen-
tration of the two species in the film. Accordingly, an al-
most complete disappearance of the electronic absorbance
of PdBr?" is observed when a potential of —0.35V vs. SCE
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is applied to a PVP/ITO electrode that has been soaked in
Pd(NO;)./HBr (Fig. 6B).

All the results indicate that Ru(NHj)s?* is not an efficient
reductant for the PACl?~ complex when the metal anion is
incorporated in a polymer. Therefore, exchanging the
redox- couple to a stronger reductant should also lead to
formation of palladium disks, even with PdCl,>". Indeed,
when methyl vioclogen, MV?*, or propyl viologen sulfonate,
PVS, were used as mediators, where the redox potentials
of these mediator systems are much more negative
(E = —0.45V vs. NHE) than that of Ru(NH3)¢**2*, palladium
disks, as well as gold disks, were formed. Both metal com-
plexes show similar behavior with viologen mediators.

Conclusions

A new approach to the high resolution deposition of
metals using the SECM is presented. The SECM is oper-
ated in the feedback mode where an electrochemically
generated redox couple monitors the distance between an
ultramicroelectrode and a surface. We showed that when
an electroactive species is incorporated in a polymer layer
on the surface, the reduced mediator can be used not only
to monitor the distance, but in addition can transfer an
electron to the species, e.g., AuCly™, leading to the forma-
tion of high resolution structures on the surface. In this
way, gold and palladium have been deposited in a polymer
film.

The different factors that affect the size and the shape of
the structures deposited were examined and interpreted.
These include the distance between the electrode and the
surface, the ratio between radii of the insulating sheath
and the metal electrode, the radius of the electrode and the
electrolysis time. The roles played by the metal ion to be
reduced as well as the mediator were investigated by in-
vestigating different metal complexes, mediators, and
techniques. We demonstrated that various combinations
of metal-complex-mediator can result in different struc-
tures, according to their thermodynamic and kinetic prop-
erties. We conclude that a fast electron transfer between
the generated mediator and the electroactive species at the
surface is crucial in achieving any type of high resolution
electrode modification, such as metal deposition.

Further applications using this approach, such as high
resolution electrode modification through metal oxide for-
mation and high resolution metal etching, are now being
examined.
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