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An electrochemical pulse technique enables the fabrication of three-dimensional microelements
from stainless steel. The method is based on the application of ultrashort~nanosecond! voltage
pulses, whereupon electrochemical reactions are locally confined with submicrometer precision.
Employing properly shaped tool electrodes enables the machining of freestanding cantilevers or
microstructures directly to a metal sheet. Due to gentle removal of the material, the grain structure
of the material is revealed without any chemical or mechanical modifications. This is demonstrated
by measuring the vibration frequency of a cantilever, and agrees well with the value derived from
the bulk material properties. ©2001 American Institute of Physics.@DOI: 10.1063/1.1401783#

The fabrication of microdevices has become an impor-
tant issue in modern technologies.1,2 Various techniques were
developed to fabricate such structures from semiconductors,
metals, and polymers.3 Most commonly, micromechanical
devices are produced from silicon by lithographic tech-
niques. These methods are, however, in principle restricted to
two-dimensional ~2D! structures. Three-dimensional~3D!
structures can only be achieved in several steps, e.g., by a
combination of lithographic techniques with anisotropic
etching. The latter is, however, limited to single-crystalline
materials. Recently, a combination of lithographic techniques
with electrochemical metal deposition in the so-called LIGA
process was used for the fabrication of small mechanical
parts like gear wheels, but was again limited to structures
with straight walls and homogeneous materials.4 @LIGA is
the acronym for the German expressions for the main pro-
cess steps: lithography~LI !, electroforming~G!, and molding
~A!#. But for the micromachining of real construction mate-
rials like stainless steel, where the physical and chemical
properties are tailored by the alloy composition, there are
only few techniques available. These methods, however, suf-
fer either from wear out of the tool, as in mechanical milling
with miniature tools4 and microelectrical discharge machin-
ing, or from high cost and slow processing speed, as, e.g.,
with ion beam milling.5

We recently introduced an electrochemical method for
three-dimensional machining of metals and semiconductors
with submicrometer resolution and successfully demon-
strated it for the structuring of copper and silicon.6,7 Here we
apply this method to the machining of stainless steel as a real
construction material with properties that are ideal for me-
chanical microdevices, e.g., chemical resistance and me-
chanical strength.

The method is based upon the application of short volt-
age pulses of nanosecond duration to a tool electrode, which
leads to strong spatial confinement of electrochemical reac-
tions with down to nanometer precision. Electrochemical re-
actions are driven by the potential drop across the electro-

chemical double layer~DL! in front of the electrode surface.
This DL consists of ions a few a˚ngstroms in front of the
surface and the respective image charge in the metal elec-
trode. It constitutes a plate capacitor with a very thin dielec-
tric and a high capacity of the order of 10mF/cm2. Upon
application of a voltage step, this DL capacity is charged by
current flowing through the electrolyte, which has a finite
specific resistance. Thus, the charging time of the DL capac-
ity becomes dependent upon the electrode separation. There-
fore, with short enough voltage pulses the DL capacity is
only significantly charged in electrode areas, where the cur-
rent’s path through the electrolyte is short enough, i.e., where
the electrodes are in close proximity. Since electrochemical
reaction rates are exponentially dependent on the voltage
drop across the DL, electrochemical reactions, e.g., dissolu-
tion of material, are strongly confined to the charged regions
of the DL.

By employing this electrochemical pulse method with a
tiny tool electrode which is moved similar to that of a min-
iature milling cutter, three-dimensional structures with high
aspect ratios can be etched into the material. Even undercuts
and freestanding elements like the microcantilever shown in
Fig. 1 can be easily fabricated in one step. The cantilever,
which was machined within a few minutes directly into a
1.4301 stainless steel sheet, is 80mm long, 32mm wide, and
11 mm thick, and hovers over a trough. To undercut the can-
tilever, we used a small loop made of a 10mm Pt wire, which
was mounted perpendicularly in front of the workpiece. With
a piezo-drivenx–y–z stage the loop was moved in three
dimensions with respect to the workpiece. The loop and the
steel foil, serving as electrodes, were immersed into an elec-
trochemical cell with 3 M HCl/6 M HF as electrolyte. In
addition, the cell contained a Pt counterelectrode and a Pd/H
reference electrode to adjust the baseline potentials of the
workpiece~2300 mVPd/H! and the tool~200 mVPd/H!. A 1
MHz sequence of voltage pulses with 100 ns duration and 2
V amplitude was applied between the tool and the work-
piece. The tool was first etched 30mm into the foil. Then the
undercut was etched by moving the loop laterally 100mm.
On the flat top of the cantilever as well as on the surface of
the sheet scratches from mechanical polishing were still vis-

a!Author to whom correspondence should be addressed; electronic mail:
schuster@fhi-berlin.mpg.de

APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 11 10 SEPTEMBER 2001

17210003-6951/2001/79(11)/1721/3/$18.00 © 2001 American Institute of Physics



ible, whereas inside the trough the grain structure of the
stainless steel alloy could be recognized, indicating the un-
changed structure and chemical composition of the metal
sheet. We want to emphasize that the addition of both, Cl2

and F2 ions to the solution is crucial for the micromachining
of stainless steel. Upon oxidation a passivation layer of Fe,
Cr, and Ni oxides forms on the surface, which inhibits fur-
ther etching of the workpiece. This is the reason for the
chemical resistance of stainless steel. Cl2 and F2 ions desta-
bilize the oxide layer and thus assist in electrochemical
dissolution.8 In the absence of F2 we often observed the
formation of a thick oxide layer, which eventually peels off
the surface and renders micromachining impossible.

To demonstrate the mechanical properties of the cantile-
ver, we measured its oscillation frequency in air by mechani-
cal excitation of vibrations. The cantilever was electrostati-
cally deflected by applying a dc voltage~100 or 200 V! to a
flattened 50mm diam wire, whose face is placed above the
cantilever atmm distance. Switching the voltage down to 10
V within about 100 ns resulted in oscillations of the tongue
which were measurable as current oscillations across the
varying capacitor, formed by the cantilever and the deflection
electrode@Fig. 1~b!#. The amplitude of the capacitive current
is proportional to the initial deflection of the cantilever, i.e.,
the applied voltage step. Superimposed on the oscillating
current signal is an exponentially decaying background
caused by the relatively slow recovery of the current mea-
suring amplifier after the high voltage step.

The oscillation frequency measured amounts to 1.1
MHz. From the dimensions of the tongue, determined from

scanning electron microscope~SEM! images, we calculated a
vibration frequency of 0.7 MHz employing the bulk elastic
modulus of 1.4301 stainless steel of 231011 N/m2.9 Con-
sidering the power-law dependence of the oscillation fre-
quency on the dimensions of the tongue, the calculated fre-
quency is in reasonable agreement with the experimental
one. Although the vibration measurement was performed in
air, only weak damping of the oscillations was observed. The
damping decrement is estimated from longer measurements
~data not shown! to be 53103 l/s, which results in aQ factor
of the order of 103. The vibrating cantilever provides a very
sensitive microbalance, e.g., for measuring even single
monolayers of adsorbates: Changing the mass of the cantile-
ver in Fig. 1 by the adsorption of one monolayer of CO is
estimated to decrease the oscillation frequency by about 4
Hz. Thinner cantilevers would exhibit even higher sensitiv-
ity. Such cantilevers could be machined from metal single
crystals with very specific adsorption properties, which
opens new avenues for sensor applications.

The good agreement between the theoretical and the
measured oscillation frequency can be attributed to the fact
that during electrochemical micromachining neither melting
of material nor mechanical deformation occurs. The single
crystallites of the steel are cut without changing the texture,
which is demonstrated in more detail in Fig. 2 which shows
a scanning electron micrograph of a microcube machined
into a 1.4301 steel foil with a cylindrical 50mm wire with a
flattened face. Upon applying a 1 MHz sequence of 100 ns
voltage pulses~2 V!, the wire was fed 30mm into the work-
piece vertically, followed by lateral movement along a rect-
angular path under similar conditions as those for the fabri-
cation of the cantilever. The faces of the cube exhibit
microfacets typical of anisotropic etching, which varies with
the different crystal orientation of the steel grains. A sharp
grain boundary to a crystal with a different orientation can be
seen in the lower left part on the front face of the cube. The
texture of the bulk material is exposed in 3D, which opens
up interesting aspects for investigation, e.g., of depth profiles

FIG. 1. ~a! Scanning electron micrograph of a freestanding microcantilever
machined into a stainless steel sheet by a sequence of 100 ns, 2 V pulses in
3 M HCl/6 M HF. The tool electrode was a tiny loop made from 10mm Pt
wire, which was etched perpendicularly into the surface followed by lateral
movement.~b! Vibration of the microcantilever: After electrostatic deflec-
tion of the tongue by a dc voltage~100 or 200 V! to an auxiliary electrode
at mm distance, the voltage was switched down to 10 V att50, and the
current oscillations across the varying auxiliary-electrode/cantilever capaci-
tor were measured. Superimposed on the oscillatory signal is an exponen-
tially decaying background caused by the recovery of the current amplifier.

FIG. 2. SEM image of a 1.4301 stainless steel microcube, electrochemically
machined with 100 ns, and 2 V pulses. The faces show microfacets, varying
with the different orientations of the steel grains, and sharp grain boundaries
between crystals with different orientations.

1722 Appl. Phys. Lett., Vol. 79, No. 11, 10 September 2001 Kirchner et al.



of the grain structure without applying mechanical polishing.
Note the sharpness of the perpendicular edges of the mi-
crocube, which is well below 1mm, although the width of
the gap between the tool and the surface in this experiment
was about 5mm.

As mentioned above, electrochemical micromachining is
based on the finite charging time of the electrochemical
double layer capacity on the electrode surfaces, due to the
finite electrolyte resistance. Therefore, the machining preci-
sion, i.e., the degree of confinement of the electrochemical
reactions, is directly related to the pulse length. In Ref. 6 we
demonstrated for the machining of Cu that the spatial reso-
lution is linearly dependent on the pulse length. Experiments
with stainless steel and shorter pulses down to 10 ns duration
revealed the same behavior. The ultimate spatial resolution
we achieved in these experiments was well below 1mm.
Extrapolated from these results, the application of 100 ps
pulses should achieve resolutions in the 10 nm range. The
useful application of such resolutions for the machining of
real devices would, however, require tools of similar preci-
sion.

In summary, we have demonstrated that electrochemical
micromachining with ultrashort voltage pulses is well suited
for technical applications. Freestanding microstructures from
real construction materials like stainless steel can be fabri-
cated in a single step with high machining rates. Future ap-

plications may include a combination with standard litho-
graphic techniques to produce insolating layers for the
implementation of complete electrode arrays for use as mi-
croelectromechanical devices, sensors, or actuators.
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