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Electrochemical nanopatterning of Ag on solid-state ionic conductor
RbAg 4I5 using atomic force microscopy
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Turgut M. Gür
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This report introduces an electrochemical nanopatterning technique performed under ambient
conditions without involving a liquid vessel or probe-to-sample material transfer. Patterning is
accomplished by solid-state electrochemical nanodeposition of Ag clusters on the surface of the
solid ionic conductor RbAg4I5 using an atomic force microscopy probe. Application of negative
voltage pulses on the probe relative to an Ag film counter electrode on an RbAg4I5 sample induces
nanometer-sized Ag deposition on the ion conductor around the probe. The patterned Ag particles
are 0.5–70 nm high and 20–700 nm in diameter. The effect of the amplitude and duration of bias
voltage on the size and shape of deposited Ag clusters is also shown. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1807964]

In the past decade, nanolithography techniques using
scanning probe microscopy have been widely investigated. A
variety of patterning techniques have been introduced, based
on phenomena that include pure mechanical effects,1–3 ther-
momechanical effects,4,5 exposure of resist to electronic
current,6–9 electrochemical reactions in solutions,10–13 local
oxidation of Si,14–17 direct delivery of molecules,18,19 and
electrostatic polymer modification.20,21 In this letter, we re-
port a nanolithography technique that generates topological
patterns by electrochemical reduction of metal on a solid-
state ion conducting membrane.

To demonstrate this concept, we have selected RbAg4I5,
which is known to be a fast and selective Ag ion conducting
electrolyte that exhibits the highest known room temperature
ionic conductivity of 0.27 S/cm.22 By applying a voltage
bias for a short time period between two electrodes—one is a
Ag coated AFM tip and the other is a sputtered Ag film bulk
counter electrode attached to the RbAg4I5 ion
conductor—we could draw Ag atoms from the counter elec-
trode to the tip and eventually deposit on the ion conductor
in the vicinity of the probe. When negative bias is applied to
the tip, silver atoms at the counter electrode are oxidized into
positively charged ions, which then migrate through the ion
conductor to the tip electrode due to the applied electric field.
The silver ions are electrochemically reduced into Ag atoms
at the tip, resulting in nano-size Ag patterns. Alternatively,
local reduction to metallic Ag may also occur even without
bulk mass transport from the counter electrode, because Ag+

ions are abundant in the film and the tip electrode is small
compared to the sample. This belief is supported by the ex-
ponential current–voltage response of the system(discussed
later in this letter). In fact, electrochemical nanopatterning of
Ag is observed to occur even without a counter Ag electrode.
In such circumstances, the nanopatterning technique likely
causes slight changes to the stoichiometery of the surround-
ing RbAg4I5 material as local Ag+ ions are reduced to Ag
metal.

While we illustrate the technique on RbAg4I5, it should
also be applicable to a number of other solid ion conductor
systems. Compared to some of the previous nanolithography
processes listed earlier, this technique exhibits operational
simplicity, since localized patterning is directed only by the
application of electrical bias pulses through a probe tip. Ad-
ditionally, this process is achieved under atmospheric pres-
sure without any apparatus for special environment.

To make RbAg4I5 samples, a stoichiometric
s83 mol%AgId mixture of RbI and AgI powder(Alfa Aesar)
was placed in a ceramic crucible. The mixture was heated to
450°C at a rate of 10°C/min in a glass-tube furnace. After
treatment at 450°C for 1h, the mixture was cooled down
slowly. The resulting sample was crushed into powder and
verified to be RbAg4I5 by x-ray diffraction analysis. This
powder was stored in an opaque chamber with desiccant un-
der vacuum when not used because RbAg4I5 is light and
humidity sensitive.23 To fabricate RbAg4I5 samples for the
electrochemical nanopatterning experiments, a few grams of
RbAg4I5 powder were evenly placed on a bare Si wafer and
heated again to 450°C at a rate of 10°C/min. After heating
at 450°C for 10 min, the mixture was slowly cooled, result-
ing in a 0.2- to 0.7-mm-thick RbAg4I5 film on Si wafer. To
form the bulk Ag counter electrode, an Ag film was partially
sputtered on the RbAg4I5 sample. The working electrode,
which directs the localized nanopatterning, is a conductive
AFM probe.

Figure 1 shows a simple schematic for our nanopattern-
ing experiment. A commercial AFM system is used for this
work (PicoScan II, Molecular Imaging©). Since probes with
high force constant incurred topological change by mechani-
cal scratching during scanning, soft probes(0.1–0.3 N/m,
MikroMasch©) were mostly used. Sample-to-tip bias was ap-
plied by utilizing the current sensing module(CSAFM) em-
bedded in the PicoScan II AFM system through which volt-
age pulse up to ±10 V for an arbitrary period of time
between 1 and 65 535ms could be provided.

Electrochemical deposition of Ag was achieved by ap-
plying voltage pulses between an AFM probe and an Ag film
counter electrode located on the back side of the RbAg4I5
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film, following Fig. 1. Before deposition, the open circuit
voltage(OCV) of the Ag-tip/RbAg4I5/Ag-film system was
sought for using theI –V spectroscopy capability of our AFM
system.24 Even though this voltage should be zero ideally—
since the chemical nature and environment of the two elec-
trodes should be the same—in reality, the OCV value varies
within ± a few tens of millivolts. A typicalI –V curve for the
system is shown in Fig. 2. ThisI –V curve was obtained by
sweeping the potential of the Ag film from +100 to −100 mV
versus the AFM probe at the rate of −100 mV/s.

Prior to patterning, the sample topology was scanned
several times, during which a zero-current potential was held
between the two electrodes in order to avoid unintentional
bias-induced topological change. After the topological image
was stabilized, the tip was moved to a specific position
where Ag deposition was desired. To induce Ag deposition
by electrochemical reduction at the tip, negative tip-to-
sample bias pulses of 50 mV–2 V lasting from 0.5 to 50 ms
were used. After pulse application, the topology was scanned
again to investigate the size and shape of Ag deposition.

As discussed previously, the plot in Fig. 2 is a typical
I –V curve of the Ag-tip/RbAg4I5/Ag-film system acquired
using the experimental setup shown in Fig. 1.(RbAg4I5
sample thickness: 0.52 mm, Ag counter electrode film area:
,0.5 cm2). The I –V curve data points in Fig. 2 can be fit to
the Butler–Volmer equation[Eq. (1)], as shown by the dotted
line,

i = i0FCAg+
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The close agreement between the Butler–Volmer equa-
tion and experimental data indicates that the deposition rate
in ,±50 mV range is limited by electrochemical reaction
kinetics rather than diffusion process inside the ion conduc-
tor. From the fit, we extract kinetic constants indicative of a
fast electrochemical reaction(j0=0.973 A/cm2, a=0.396,
CAg+/CAg+

* =0.637). In the future, understanding the kinetic
and diffusion related constraints on the reaction for a given
set of experimental conditions(e.g., bias amplitude, pulse

FIG. 3. AFM contact-mode deflection images of electrochemically induced
Ag nano-features on RbAg4I5. (a) 50 nm high positive features generated by
200 mV, 5 ms pulses for each dot.(b) 2 nm high positive features generated
by 400 mV, 1 ms pulses for each dot.(c) 6 Å deep negative features gen-
erated by 200 mV, 1 ms pulses for each dot.(d) 6 Å deep negative features
generated by 200 mV, 1 ms pulses for each dot.(e) Positive features gen-
erated by 200 mV pulses.(Dot spacing =17 nm, pulse duration =0.25 ms for
upper letters. Dot spacing =22 nm, pulse duration =0.30 ms for lower
letters.)

FIG. 1. Simplified schematic diagram of the experimental setup for nano-
patterning of Ag on RbAg4I5, showing the time evolution of Ag atoms and
ions under the voltage bias. Oxidation and reduction processes are depicted
in steps(b) and (f), respectively. The migration of silver ions in the ion
conductor under the electric field is shown in steps between(b) and (e).
Drawing not to scale.

FIG. 2. TypicalI –V curve measured between the Ag-coated AFM probe and
the Ag film-counter electrode on RbAg4I5. The potential of Ag counter
electrode versus AFM probe was swept from +100 to −100 mV at the rate of
−100 mV/s. System measurement limits are ±10 nA. Exponential behavior
implies that this deposition process is electrochemical reaction limited rather
than diffusion limited in the bias range shown. A fit to the Butler–Volmer
equation(dashed line) shows good agreement.
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duration, etc.) should give us more precise predictive control
over the nanopatterning process.

Figure 3 shows positive[(a), (b), and (e)] and negative
[(c) and(d)] patterns made from sequences of dots generated
by applying bias voltage pulses of 200–400 mV for
0.25–5 ms. The thickness of RbAg4I5 was 0.5 mm and the
Ag film counter electrode area was around 0.1 cm2. (See Fig.
1). Formation of negative features, such as the ones shown in
Figs. 3(c) and 3(d) is due to mechanical knock-off of the
deposited clusters by the AFM probe during topography
scan. Negative features larger than a few hundred nanom-
eters are rarely observed because the adhesion between the
deposited Ag cluster and the substrate sample becomes
stronger as the feature size grows larger.

As can be seen from Fig. 4(a), the size of patterned
feature tends to more or less linearly grow as the bias voltage
increases. The feature height, on the other hand, follows
rather an exponential behavior versus bias voltage. From
these two plots, it can be deduced that high pulsing voltages
tend to give high aspect ratio features.

In summary, this AFM-aided nanopatterning technique
represents an alternative method in nanolithography by di-
recting electrochemical reactions on a solid-state ionic con-
ductor to electrically induce patterning. Sub-100 nm features
have been routinely patterned by applying pulses on the or-

der of several hundred millivolts in the millisecond time
frame. Several examples of positively and negatively pat-
terned features were presented(Fig. 3). It has been observed
that negative features are created by a mechanical knock-off
of previously deposited Ag nano-clusters by the AFM probe
during the subsequent topology scan. Optimal resolution and
consistency requires smooth and clean sample surfaces and
sharp conductive AFM tips.

Materials that can be patterned through the present pro-
cess are not restricted to silver. A variety of other solid-state
ion conductors for Li+, Na+, K+, Cu+, Pb2+, and Ca2+ can be
employed for patterning metal structures. Due to the swift-
ness of this process in generating patterns and the size of the
resulting features, we conjecture this process to be suitable
for erasable high-density data storage applications.

This work was financially supported by the Office of
Naval Research(ONR) and the center for Scalable and Inte-
grated Nano-Manufacturing(SINAM) of University of Cali-
fornia in Los Angeles.
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FIG. 4. Plot of feature size and height under various bias conditions.(a) Plot
of feature sizesld and heightsnd as a function of bias voltage. The dura-
tion of pulse is 20 ms.(b) Plot of feature sizesld and heightsnd as a
function of bias duration. The amplitude of pulse is 2 V. Solid lines are fit
curves for feature size and dotted lines are for feature height.
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