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Nanopositioner for On-Chip AFM

A. G. Fowler, A. N. Laskovski, A. C. Hammond, and
S. O. R. Moheimani

Abstract—A new 2-DOF microelectromechanical systems (MEMS)-
based parallel kinematic nanopositioner with electrostatic actuation is
presented. The device has been designed, fabricated, and implemented
using the silicon-on-insulator-based MEMSCAP SOIMUMPs process.
Experimental characterization shows that in-plane displacements in excess
of 15 µm are achievable and that the first resonant mode along each axis
is located at approximately 820 Hz. The nanopositioner’s use in a practical
application is demonstrated, with the device being used as the scanning
stage during an atomic force microscope scan. [2011-0372]

Index Terms—Atomic force microscopy, electrostatic actuators, micro-
electromechanical systems (MEMS), nanopositioning.

I. INTRODUCTION

Nanopositioners have seen wide use in a range of microscale
applications, including scanning tunneling microscopy [1], atomic
force microscopy [2], and ultrahigh-density probe storage systems
[3]–[5]. This letter presents a new microelectromechanical systems
(MEMS)-based nanopositioner that is designed for use in atomic force
microscopy, wherein the scan table is made to track a raster pattern in
the x and y planes while a microcantilever conducts measurements in
the z-direction.

Atomic force microscopes (AFMs) operate by running a sharp
tip over a sample in a raster pattern, such that a 3-D image is
obtained based on the z-axis deflection and in-plane position of the tip.
Typically, a laser beam is shone on the end of the cantilever, with the
deflection of the reflected beam indicating the height of the cantilever
and, therefore, the topography of the sample.

The nanopositioner reported in this letter uses electrostatic comb
drives to actuate the stage. While thermal and electrostatic actuators
are both commonly used in MEMS-based nanopositioner designs and
are both straightforward to integrate into a fabricated device, previous
nanopositioners that use thermal actuators have been shown to have
relatively low operating bandwidths of around 100 Hz [6]–[8]. As
the scan speed of an AFM is limited by the operating bandwidth of
the nanopositioner [9], the typically higher operating bandwidth of
electrostatic-based systems is preferred. It has been demonstrated that
high AFM scan rates are of particular importance in the imaging of
various biological processes, with a frame capture time of 80 ms being
sufficient to analyze the motions of certain proteins [10]. Additionally,
in a thermally actuated nanopositioner, there is the potential for the
conduction of heat from the actuators to the stage. This is undesirable
in an AFM application as this thermal energy may potentially damage
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Fig. 1. SEM image of fabricated nanopositioner.

a scan sample placed on the stage. Furthermore, the use of electro-
static actuators allows a standardized silicon-on-insulator (SOI)-based
MEMS fabrication process to be used, avoiding the more specialized
steps involved in fabricating other MEMS-based mechanisms such as
electromagnetic or piezoelectric actuators.

While the design does not include a dedicated displacement sensing
mechanism, the device is designed such that the position of the stage
can be estimated from the actuating voltage with a high degree of
confidence. The mechanical layout of the nanopositioner has been
designed such that unwanted vibration modes are shifted as much as
possible to frequencies far from the operating frequencies.

II. NANOPOSITIONER DESIGN AND FABRICATION

The nanopositioner design consists of a central positioning stage,
actuating combs, connecting springs, and the substrate layer, as shown
in the scanning electron microscope (SEM) image in Fig. 1. Two
comb-drive actuators are positioned at adjacent edges of the device
in a unidirectional pull configuration to actuate the stage in the x- and
y-directions. To maximize the force generated by the comb structures,
both the comb finger width and the distance between comb fingers
were set to 2 µm, which is the minimum dimension allowed by the
fabrication process. The actuators are then connected to the substrate
via beam springs that are oriented perpendicular to the direction of the
actuator movement.

The central positioning stage (the scan table) is a solid structure
3 mm × 3 mm in size and is connected to the electrostatic actuators
using beam springs which are oriented parallel to the direction of
actuation of the comb.

For accurate positioning of the scan table, it is desirable to have
a high stiffness in the out-of-plane (z) direction. This is facilitated
by designing the beam springs to be as thin as practical to maxi-
mize the out-of-plane spring constant for a given in-plane stiffness.
Accordingly, the widths of the beam springs in the design are 3.5 µm,
with multiple beams being placed in parallel to achieve the desired
in-plane spring constants. The stiffness of the device in the x and
y planes is chosen such that the displacement due to the maximum
applied voltage is equal to the desired stroke of the nanopositioner.
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Fig. 2. CoventorWare modal analysis showing the first in-plane resonant
mode of nanopositioner.

Fig. 3. CoventorWare modal analysis showing higher order resonant mode of
nanopositioner.

A large number of electrostatic combs are included within the design
to provide a relatively large actuating force. This allows the chosen
in-plane spring constants to be similarly high for the desired stroke,
increasing the frequency of the first resonant mode of the device.

To prevent rotational oscillations of the stage within the plane, a
high degree of torsional rigidity is required about the z-axis. This is
aided by concentrating the connecting springs as close to the corners
of the stage as possible, which has the effect of reducing the stage’s
moment of inertia. By using a layout that features many thin beam
flexures, the stability of the nanopositioner is increased.

As part of the design process, a finite-element model of the
nanopositioner was created using the MEMS design software package
CoventorWare. A modal analysis performed on this model indicates
that the first in-plane resonant mode along both the x- and y-axes
is located at approximately 906 Hz, as shown in Fig. 2. The modal
analysis also indicates the presence of a torsional mode at 1792 Hz, as
shown in Fig. 3.

The nanopositioner was fabricated using MEMSCAP’s SOIMUMPs
SOI micromachining process [11]. The main structural features of the
device, including the positioning stage, beam springs, and comb-drive
actuators, are fabricated from 25-µm-thick doped silicon. This silicon
layer is released by a deep-reactive-ion-etching silicon etch that is used
to remove the substrate layer from selected areas of the die.

III. CHARACTERIZATION

The in-plane behavior of the nanopositioner was characterized using
a Polytec MSA-400 Micro System Analyzer, which uses stroboscopic

Fig. 4. Displacement versus actuation voltage.

Fig. 5. Frequency response.

video microscopy to allow the measurement of in-plane motions. Fig. 4
shows the measured static displacement of the stage versus actuation
voltage along both axes. At a maximum applied voltage of 45 V, the
obtained displacements were 16 and 15.1 µm along the x- and y-axes,
respectively. The frequency response of the nanopositioner along both
axes was also analyzed and is shown in Fig. 5, with the experimental
data showing that the first resonant modes along the x- and y-axes are
located at 816 and 820 Hz, respectively. These experimental results
compare favorably with the results of the modal analysis performed
via the CoventorWare simulation.

The obtained frequency response also shows a higher order resonant
mode that is present in both axes at approximately 1.6 kHz, which is
close to the simulated resonant mode at 1.792 kHz. Further analysis
of the time-domain response of the nanopositioner at this frequency
shows highly nonlinear in-plane behavior, with the response of the
stage being amplitude dependent and containing harmonics of the
exciting signal.

IV. AFM SCAN

The nanopositioner was used as the scanning stage of a commercial
AFM (NTMDT-NTEGRA), and an open-loop scan was performed in
tapping mode. For this purpose, the device’s scan table was designed
with a repeated array of cylindrical gold features 520 nm high, 3 µm
in diameter, and spaced 6 µm apart, as shown in Fig. 6. The resulting
image from the AFM scan is shown in Fig. 7.

In the next iteration of this design, a sample would be placed on
the stage in lieu of the integrated gold features. This may require a
modification of the stage such that it is able to support the added mass
and that the bandwidth of the device is not significantly reduced.
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Fig. 6. SEM image of gold features on nanopositioner stage.

Fig. 7. AFM image of the features on the nanopositioner stage. The image
was obtained in tapping mode.

V. CONCLUSION

These investigations establish the capability of this device to func-
tion as the nanopositioning stage of a miniaturized AFM. In addition
to offering a smaller footprint compared with existing macroscale
stages, this MEMS-based nanopositioner offers low power consump-
tion and a large scan range combined with a relatively high operational
bandwidth and uses a standardized MEMS fabrication process for
potentially low-cost manufacturing. This design has opened the scope

for the development of feedback controllers and high-accuracy low-
frequency sensing interface circuitry. These aspects are currently being
investigated based on this device, with the view to realize high-speed
atomic force microscopy on a chip.
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