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The scanning ion-conductance microscope (SICM) is a member of the growing family of 
scanning probe microscopes, which includes the scanning tunneling microscope and 
the atomic force microscope. The SICM scans a small aperture over a sample immersed in 
electrolyte and measures the ionic current flowing through the aperture. This current 
serves as the feedback signal for standard scanning probe microscope electronics, which can 
then provide images of the topography of a sample surface, or the distribution of ionic 
current flow through the pores in a porous sample. The resolution of this microscope is 
essentially set by the size of the aperture. We have developed silicon microfabricated 
probes for the SICM that greatly improve its performance. Previous SICMs used fragile glass 
micropipettes as probes. The new microfabricated probes are end caps for a 1.5 mm 
glass capillary. A hollow tip is fabricated in the center of a silicon membrane. An aperture is 
formed at the tip apex using microfabrication techniques including photolithography 
and etching, giving typical minimum diameters of 250 nm. Unlike the glass micropipettes 
used previously, the new tips are compact and hence mechanically robust. The tips 
are mounted on a flexible membrane that allows the tip to deflect away from the surface in 
case of a collision with the sample surface. In addition, the microfabricated probes 
have been designed to have a high mechanical resonant frequency, allowing scan speeds up to 
50 times faster than used with glass micropipette probes. With these new probes we have 
imaged the surface topography of a plastic diffraction grating, and the ion flow through porous 
polycarbonate membrane filters. Finally, the new microfabricated probe was designed as 
a general probe that may be adapted for use in other scanning probe microscopes. 

I. INTRODUCTION 

In this article we present results from an improved 
scanning ion-conductance microscope (SICM) .’ The 
SICM is able to image both the topography of a sample 
under electrolyte, and any ion fow through that sample. 
The principal improvement of this SICM is to incorporate 
a microfabricated probe to replace fragile glass micropi- 
pettes used in previous versions of the microscope.’ 

The microscopic study of the liquid-solid interface has 
many applications. The surface topography of a biological 
sample can give detailed information about the three-di- 
mensional structure of a sample, and hence important clues 
about the specimen’s function. Images of the surface of 
industrial samples provide information for research and 
development and quality control. The passage of ions 
through pores in biological membranes, such as electrical 
impulses carried through nerve cells, is a fundamental 
method of communication in the biological world. Flow 
through pores in artificial membranes forms the basis of 
technologies like reverse osmosis desalination of water, 
electrochemical fuel cells, and dialysis. 

Scanning probe microscopes,2 like the scanning tunnel- 
ing microscope3 and the atomic force microscope,4 have 
made new inroads in the microscopic study of topography. 
Vibrating probe measurements5’6 and the scanning electro- 

chemical microscope7 have been used to measure the flow 
of ionic currents near biological samples. This improved 
SICM, incorporating a microfabricated probe, offers a new 
high-resolution tool for studying both topography and ion- 
flow characteristics at the liquid-solid interface. 

II. MATERIAL AND METHODS 

The SICM works in the following way (refer to Fig. 
1): An aperture mounted on a glass capillary is filled with 
electrolyte. The assembly is placed in a bath of electrolyte 
and positioned over the sample. A bias voltage is applied to 
the electrode inside the glass capillary and ions flow 
through the aperture to one of two electrodes in the elec- 
trolyte bath. The ionic current is measured and used as the 
feedback signal for standard scanning probe microscope 
control electronics. The two electrodes in the bath allow 
the SICM to function in one of two niodes: one that is 
sensitive only to topography and the second mode sensitive 
to topography and to the flow of ions through pores in a 
sample. In the first mode, the electrode to the side of the 
sample is grounded and ions flow from the aperture, over 
the sample, and to that grounded electrode. If the aperture 
is positioned so that its distance from the surface is on the 
order of its diameter, the amount of current Bowing from 
the aperture is reduced as surface features block the cur- 
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FIG. 1. SCM schematic. 

rent flow. The sample is moved up and down on a piezo- 
electric translator under feedback control to keep the cur- 
rent constant while the sample is scanned under the tip. 
The vertical motion of the piezoelectric translator follows 
the topography of the sample. The voltage applied to the 
vertical axis of the piezoelectric translator is plotted as a 
function of position to form an image. This is analogous to 
the operation of the scanning tunneling microscope in con- 
stant current mode, or the atomic force microscope in con- 
stant force mode. 

The second mode of operation is sensitive to ionic flow 
through pores in the sample. In this case the electrode 
directly under the sample is grounded and the ionic current 
flows through the aperture into the pores of the sample. 
The aperture is scanned across the sample without adjust- 
ing its vertical position and the current flowing through the 
aperture is measured as a function of position to form an 
image. The amount of current will increase as the aperture 
is brought directly over a pore. Thus an image obtained in 
this mode is a map of the pores that carry current through 
the sample. If the sample surface is rough, its topography 
also modulates the current, making the resulting image a 
combination of information about topography and ionic 
current flow through pores. In critical applications an im- 
age formed in this mode could have topographic contribu- 
tions removed by comparing it to an image taken in the 
topographic mode. 

Previously, apertures were formed by drawing down 
1-2 mm glass capillaries into micropipettes on a commer- 
cial micropipette puller.’ This procedure resulted in typical 
aperture diameters of 200 nm. Micropipette tip diameters 
as small as 10 nm have been reported.8 Unfortunately, the 
glass micropipettes were long and thin, giving them low 
lateral resonant frequencies, and thus limiting the maxi- 
mum scan rate. The micropipettes were also very fragile, 
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often breaking upon contact with a sample or during high- 
speed scans. 

Because of the many advantages of microfabricated 
probes already in use in other scanning probe microscopy 
techniques, mainly in atomic force microscopy (AFM),9 
we designed a microfabricated silicon probe for the SICM 
that could solve some of the problems encountered with 
the glass micropipettes. The geometry of the device con- 
sists of a square silicon membrane about 0.25 pm thick and 
350 pm wide, which is in turn mounted on a square silicon 
post, 25 pm tall. The aperture is typically a square, 0.25 
pm wide. The height of the tip and post are designed to 
allow clearance during the approach of the tip to the sam- 
ple. The membrane has two purposes: first it can flex like a 
drum head to allow the tip to deflect away from any col- 
lision with the sample, minimizing damage to the tip and 
sample. Second, it has a high resonant frequency that al- 
lows fast scan speeds for imaging. The presence of the 
membrane thus removes two limitations inherent in the 
previous glass pipette probes: the breaking of the tip during 
its approach to the sample and the limited scan speed. The 
membrane has a theoretical resonant frequency” of 

10.4 Et2 1’2=3l kHz 
f=,rr - 

( ) Pd 
, 

and a theoretical spring constant” of 

k= 16.0(Et3/d2) =0.4 N/m, 

where E = 1.9 X 10” N/m2 and p = 2.3 X lo” kg/m3 are 
the modulus of elasticity and density of the silicon, and 
t = 0.25 pm and d = 350 pm are the thickness and width 
of the membrane, respectively. Both the resonant fre- 
quency and the spring constant can be changed by adjust- 
ing the fabrication process parameters. 

Three photolithographic steps are required to make the 
device. The fabrication process is outlined in Fig. 2. The 
starting material is a (100) silicon wafer. The first step of 
the process is to grow a 1-,um-thick oxide layer and to 
pattern it so that small circles are left on the frontside, 
centered in the middle of large square windows opened in 
the backside oxide [Fig. 2 (a)]. The diameter of the oxide 
circle is one of the parameters that determines the final size 
of the aperture. Therefore, to allow for variation in subse- 
quent steps in the process, the diameter of the oxide circles 
is varied systematically on each die on the wafer from 18 to 
22 pm in 0.25 pm increments. Then thick photoresist is 
spun and patterned on the frontside and used as a mask 
against silicon reactive ion etching. About 25 pm of silicon 
is etched. After removal of the photoresist [Fig. 2(b)], the 
oxide circle left on the frontside is used as a mask against 
another silicon reactive ion etching process. The new etch 
is more isotropic than the first one, so that considerable 
undercut of the silicon under the oxide mask occurs. At 
this point boron is diffused into the silicon, while the oxide 
masks the diffusion [Fig. 2(c)]. Then a protective protec- 
tive low temperature oxide (LTO) layer is deposited on 
the frontside of the wafer, the boron-doped region is etched 
from the backside, and the wafer is immersed in ethilene 
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FIG. 2. Process for fabrication of the SICM probes. See the text for 
details. 

diamine, pyrocathecol and water (EDP). EDP etches sil- 
icon preferentially, stopping at the ( 111) silicon planes and 
at the highly boron-doped region. After etching the fron- 
tside LTO and the thermal oxid’e the final structure is ob- 
tained [Fig. 2(d)]. Finally, a thin oxide layer is grown to 
achieve electrical isolation from the electrolytic solution. 
Given that the diameters of the oxide masks used to pro- 
duce the cones vary by 0.25 ,um from device to device on 
the same die, it is possible to obtain holes with varying 
sizes on the same die, the smallest of which is not bigger 
than 0.25 pm. Some apertures have been further closed 
down by evaporation of oxide at an angle or by direct 
imaging of the aperture in a scanning electron microscope, 
which deposits hydrocarbons around the aperture. Aper- 
tures as small as 25 nm have been formed in the electron 
microscope. Both methods provide an opportunity for fur- 
ther improving the lateral resolution of the SICM, but the 
modified apertures have not yet been used for imaging and 
it is not clear if the modifications would be stable in elec- 
trolytic solution. 

Figure 3 shows two electron micrographs of a com- 
pleted device. Figure 3(a) shows the square post, 25 ,um 
tall and 450 pm wide, with the tip visible in its center as a 
small bright spot. Figure 3(b) shows a cone, 15 pm tall, 
with a 0.4 pm aperture at its apex. 

The finished probes were then glued with Devcon 2- 
Ton epoxy onto l-cm-long pieces of 1.5-mm-diam glass 
capillary. The glass pipette provides a rigid support for the 
probe that fits into commercial microelectrode holders 
containing a Ag/AgCl electrode.12 The sample was me- 
chanically clamped into a plastic sample holder that con- 
tained two more Ag/AgCl electrodes, one for imaging to- 
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FIG. 3, SEM micrographs of SICM probes. (a) A view of the post that 
holds the SICM tip. The center of the posts is thinned to for a flexible 
support for the tip. (b) A closeup view of the SICM tip. The tip is hollow 
with aperture typical minimum sizes of 250 nm. 

pography and the other for imaging ionic current flow. The 
samples were imaged under 0.1 M NaCl or 0.1 M KCl. 
The pipette and probe assembly had a typical resistance of 
a few megaohms. 

Bias voltages of 0.05-5 V were applied to the electrode 
in the pipette and one of the electrodes in the sample 
holder was grounded. The current was amplified using a 
home-built current-to-voltage converter. The feedback re- 
sistor was varied between 1 MQ and 1 Go, to give a signal 
voltage around 1 V. This signal was then input into stan- 
dard Nanoscope II (Ref. 13) electronics which handled 
data acquisition and feedback control. 

Mechanically, the rest of the SICM is very similar to 
commercial AFMs. The sample was scanned under a fixed 
probe using an xyz piezoelectric translator from a commer- 
cial AFM.” The translator used had a range of 13.5 ym, 
but translators with larger ranges could be used in princi- 
ple. The SICM probe was held over the sample in a home- 
built head similar to the head that holds the probe for the 
AFM. 

III. RESULTS AND DISCUSSION 

Figure 4 shows an example of the SICM’s ability to 
image surface topography. The sample is a plastic diffrac- 
tion grating with a pitch of 1.9 pm. 

Images of ionic current flow through pores in polycar- 
bonate membranes are shown in Fig. 5. In these images, 
bright areas correspond to areas of higher current density, 
and darker areas to lower current density. Figure 5(a) 
shows the current flow through a 0.8 ,um Nucleporer4 til- 
ter. The ions flowing through the pores are clearly seen as 
bright circles in the image. These circles have peak cur- 
rents roughly 5-20 nA above an 800 nA background. Fig- 
ure 5(b) is a similar image of a 0.1 pm Poretics” fiIter. 
Bright spots, roughly 0.1 pm in diameter, with peak cur- 
rents of 5-15 nA above a 140 nA background are visible. 
In both images there is some structure to the background, 
coming from modulation of the current by the surface 
roughness. Atomic force microscope studies of these mem- 
branes have shown similar surface roughness.16 

These images were acquired at scan rates of up to 700 
pm/s, almost 50 times faster than typical rates used suc- 
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cessfully with glass micropipettes. Further, none of the 
probes used in these experiments broke while scanning the 
sample, while the glass micropipette probes used previ- 
ously were often damaged while scanning. 

It should be possible to further improve the resolution 
of the SICM by fabricating smaller apertures as higher 
resolution lithographic techniques become available. Per- 
haps the most promising technique at present would be to 
use focused electron or ion beams to either etch the holes, 
or mark areas to be etched. Nanometer-size holes have 
been formed in MgO crystals using direct electron beam 
etching.17 

Measuring very small currents with the SICM should 
not be a problem. The SICM has previously imaged cur- 
rent flow as low as 40 pA. Further, patch clamp 
preamplifiers” are used routinely to measure small ionic 
currents, including currents through single ion channels in 
biological systems (few PA), and at rates up to several 
kHz. Low noise scanning tunneling microscopes have al- 
ready been constructed using such preamplifiers.t9 

The new microfabricated probes have been used first in 
the SICM, but they were designed as a general probe for a 
variety of scanning probe microscopes. It may be possible 
to use these probes, as the scanning aperture in a near-field 
optical microscope,20,21 after coating them with a suitable 
metal. 

The probes are hollow and could be filled with a ma- 
terial to customize them for a particular application. For 
example, they could be filled with a metal to be used as an 
insulated tip in electrolyte for a scanning tunneling 
microscope22 or a scanning electrochemical microscope.7 
The electrochemical microscope is similar to the SICM 
except that it scans a small electrode, rather than an aper- 
ture. The microfabricated probes could be adapted for the 
electrochemical microscope by evaporating a metal-like 
platinum to fill up the hollow tip to form a microelectrode. 
Finally, since the probe tip is mounted on a flexible mem- 
brane, the SICM, or one of these techniques mentioned 
above, could be combined with force microscopy by mea- 
suring the deflection of the membrane as the tip is scanned 
over a surface. 

FIG. 4. SICM image of the surface topography of a plastic diffraction 
grating. The pitch of this grating is 1.9 pm. 

(a) 

(b) 

FIG. 5. A SICM image of current flow through polycarbonate membrane 
filters. Brighter regions correspond to areas of higher current flow. (a) 
Nuclepore 0.8 pm filter. The white spots are peaks 5-20 nA above an 800 
nA background. (b) Poretics 0.1 pm filter. The white spots are 5-15 nA 
above a 140 nA background. 
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