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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 RbAgs using an atomic force microscopy probe. Application of negative
voltage pulses on the probe relative to an Ag film counter electrode on an,Rissgnple 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 sho@@04LAmerican Institute of
Physics [DOI: 10.1063/1.1807964

In the past decade, nanolithography techniques using While we illustrate the technique on RbAg, it should
scanning probe microscopy have been widely investigated. Also be applicable to a number of other solid ion conductor
variety of patterning techniques have been introduced, basexystems. Compared to some of the previous nanolithography
on phenomena that include pure mechanical effecteher- processes listed earlier, this technique exhibits operational
momechanical effects® exposure of resist to electronic simplicity, since localized patterning is directed only by the
current®™ electrochemical reactions in solutiol’s™ local  application of electrical bias pulses through a probe tip. Ad-
oxidation of Si*~*" direct delivery of molecule¥*® and  ditionally, this process is achieved under atmospheric pres-
electrostatic polymer modificatiozt‘i21 In this letter, we re- sure without any apparatus for special environment.
port a nanolithography technique that generates topological To make RbAgls; samples, a stoichiometric
patterns by electrochemical reduction of metal on a solid{83 mol% Agl) mixture of Rbl and Agl powde(Alfa Aesan
state ion conducting membrane. was placed in a ceramic crucible. The mixture was heated to

To demonstrate this concept, we have selected RBAg 450°C at a rate of 10C/min in a glass-tube furnace. After
which is known to be a fast and selective Ag ion conductingtreatment at 450°C for 1h, the mixture was cooled down
electrolyte that exhibits the highest known room temperaturglowly. The resulting sample was crushed into powder and
ionic conductivity of 0.27 S/cr? By applying a voltage verified to be RbAgls by x-ray diffraction analysis. This
bias for a short time period between two electrodes—one is powder was stored in an opagque chamber with desiccant un-
Ag coated AFM tip and the other is a sputtered Ag film bulk der vacuum when not used because RWAds light and
counter electrode attached to the RRBAg ion  humidity sensitivé® To fabricate RbAgls samples for the
conductor—we could draw Ag atoms from the counter elecelectrochemical nanopatterning experiments, a few grams of
trode to the tip and eventually deposit on the ion conductoRbAg,ls powder were evenly placed on a bare Si wafer and
in the vicinity of the probe. When negative bias is applied toheated again to 450°C at a rate of°T min. After heating
the tip, silver atoms at the counter electrode are oxidized intat 450°C for 10 min, the mixture was slowly cooled, result-
positively charged ions, which then migrate through the ioning in a 0.2- to 0.7-mm-thick RbAgs film on Si wafer. To
conductor to the tip electrode due to the applied electric fieldform the bulk Ag counter electrode, an Ag film was partially
The silver ions are electrochemically reduced into Ag atomssputtered on the RbAt; sample. The working electrode,
at the tip, resulting in nano-size Ag patterns. Alternatively,which directs the localized nanopatterning, is a conductive
local reduction to metallic Ag may also occur even without AFM probe.
bulk mass transport from the counter electrode, because Ag Figure 1 shows a simple schematic for our nanopattern-
ions are abundant in the film and the tip electrode is smaling experiment. A commercial AFM system is used for this
compared to the sample. This belief is supported by the expyork (PicoScan Il, Molecular Imagirfy. Since probes with
ponential current-voltage response of the systdiscussed high force constant incurred topological change by mechani-
later in this lette. In fact, electrochemical nanopatterning of cal scratching during scanning, soft prob@1—0.3 N/m,

Ag is observed to occur even without a counter Ag eIectrodeMikroMascﬁ@) were mostly used. Sample-to-tip bias was ap-
In such circumstances, the nanopatterning technique likelglied by utilizing the current sensing modul€SAFM) em-
causes slight changes to the stoichiometery of the surrounghedded in the PicoScan Il AFM system through which volt-
ing RbAg,ls material as local Agions are reduced to Ag age pulse up to +10V for an arbitrary period of time
metal. between 1 and 65 53hs could be provided.
Electrochemical deposition of Ag was achieved by ap-

Iauthor to whom correspondence should be addressed; electronic maiPlying voltage pulses between an AFM pr‘?be and an Ag film
piecoco@stanford.edu counter electrode located on the back side of the RbAg
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' W ®) F’_ ” ‘V:'— As discussed previously, the plot in Fig. 2 is a typical
) |-V curve of the Ag-tip/RbAgls/Ag-film system acquired

using the experimental setup shown in Fig. (RbAglg
('_\ }w o P sample thickness: 0.52 mm, Ag counter electrode film area:
RbAg s L e \V s X ~0.5 cn?). Thel-V curve data points in Fig. 2 can be fit to
A + [ T + the Butler-Volmer equatiofEqg. (1)], as shown by the dotted
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The close agreement between the Butler—\Volmer equa-

4
L. aps |_‘ tion and experimental data indicates that the deposition rate
in ~+£50 mV range is limited by electrochemical reaction

FIG. 1. Simplified schematic diagram of the experimental setup for nanokinetics rather than diffusion process inside the ion conduc-
pattemning of Ag on RbAgs, showing the time evolution of Ag atoms and oy From the fit, we extract kinetic constants indicative of a
ions under the voltage bias. Oxidation and reduction processes are deplct?éi‘St electrochemlcal reactiofj,=0.973 A/Cﬁ? @=0.396,

0~

in steps(b) and (f), respectively. The migration of silver ions in the ion
conductor under the electric field is shown in steps betw@rand (e). CA9+/CAg+ 0.63%. In the future, understanding the kinetic

Drawing not to scale. and diffusion related constraints on the reaction for a given
set of experimental condition@.g., bias amplitude, pulse

film, following Fig. 1. Before deposition, the open circuit
voltage (OCV) of the Ag-tip/RbAgls/Ag-film system was
sought for using thé—V spectroscopy capability of our AFM
system?® 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 typical —V curve for the
system is shown in Fig. 2. This-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.
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Bias Voltage (mV) FIG. 3. AFM contact-mode deflection images of electrochemically induced

Ag nano-features on RbAL;. (a) 50 nm high positive features generated by
FIG. 2. Typicall -V curve measured between the Ag-coated AFM probe and200 mV, 5 ms pulses for each d@b) 2 nm high positive features generated
the Ag film-counter electrode on RbAlg. The potential of Ag counter by 400 mV, 1 ms pulses for each d¢t) 6 A deep negative features gen-
electrode versus AFM probe was swept from +100 to —100 mV at the rate oérated by 200 mV, 1 ms pulses for each ddj.6 A deep negative features
-100 mV/s. System measurement limits are £10 nA. Exponential behaviogenerated by 200 mV, 1 ms pulses for each @et.Positive features gen-
implies that this deposition process is electrochemical reaction limited ratheerated by 200 mV pulseéDot spacing =17 nm, pulse duration =0.25 ms for
than diffusion limited in the bias range shown. A fit to the Butler—Volmer upper letters. Dot spacing =22 nm, pulse duration =0.30 ms for lower
equation(dashed ling shows good agreement. letters)
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gpg | * ) width Lo der of several hundred millivolts in the millisecond time
nm El frame. Several examples of positively and negatively pat-
60 terned features were present&dg. 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
20 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-
() width B cess are not restricted to silver. A variety of other solid-state

600

300
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e ion conductors for L, Na*, K*, Cu*, P?*, and C&* can be
employed for patterning metal structures. Due to the swift-
1500 ness of this process in generating patterns and the size of the
* I resulting features, we conjecture this process to be suitable
800 * ’," & 40 for erasable high-density data storage applications.
" ﬁé’f'? : 5 This work was financially supported by the Office of
(b) 5 10 15 msec 20 Naval ResearciONR) and the center for Scalable and Inte-

grated Nano-ManufacturingSINAM) of University of Cali-
FIG. 4. Plot of feature size and height under various bias conditianglot  fornia in Los Angeles.
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