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Abstract— We report the design of a two-degree-of-freedom
microelectromechanical systems nanopositioner for on-chip
atomic force microscopy (AFM). The device is fabricated using
a silicon-on-insulator-based process to function as the scanning
stage of a miniaturized AFM. It is a highly resonant system with
its lateral resonance frequency at ~850 Hz. The incorporated
electrostatic actuators achieve a travel range of 16 um in each
direction. Lateral displacements of the scan table are measured
using a pair of electrothermal position sensors. These sensors are
used, together with a positive position feedback controller, in a
feedback loop, to damp the highly resonant dynamics of the stage.
The feedback controlled nanopositioner is used, successfully,
to generate high-quality AFM images at scan rates as fast as
100 Hz. [2013-0063]

Index Terms— Nanopositioning, MEMS, electrothermal sensor,
on-chip, AFM.

I. INTRODUCTION

NANOPOSITIONER is a mechanical device that is

capable of producing repeatable, high-precision motion
with nanometer resolution. This is an invaluable quality in
many areas of micro and nanotechnology, with this type of
motion commonly being required by processes that involve
the positioning, manipulation and interrogation of samples in a
range of micro-scale applications, including molecular biology,
nanoassembly, and optical alignment systems [1]-[4].

There has recently been increasing interest in the develop-
ment of novel nanopositioning devices that are based on micro-
electromechanical systems (MEMS) fabrication processes
[5]-[8]. These miniaturized nanopositioners potentially hold
a number of advantages over conventional macro-sized
nanopositioners. Characteristics such as increased operating
bandwidths, lower unit manufacturing costs, simpler bulk
fabrication and a much smaller packaged size [5], [9] mean
that MEMS-based nanopositioners represent an attractive
solution for many applications. These attributes have been
exploited in recent high-density probe-based data storage
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devices, in which MEMS nanopositioners are featured as a
fundamental component of the system [10]-[12].

Recent MEMS nanopositioners have also implemented feed-
back control techniques to improve the static and dynamic
performance of the fabricated system. As shown in [13], [14]
a closed-loop control system can be used to achieve a higher
positioning accuracy and alleviate imperfections inherent in
the microactuator such as drift and vibrations.

One of the most important tools used in science and
engineering in recent times is the atomic force microscope
(AFM) [15]. The AFM features a sharp probe of a few
nanometers wide, and is used to interrogate sample surfaces
down to the atomic scale. The use of a MEMS-based nanopo-
sitioner as the scanning stage of an AFM greatly reduces
the size of one of the main components of the system.
This represents an important step towards the development
of miniaturized, mass-produced AFMs that represent a fully-
integrated, low-cost solution for on-chip scanning. Such a
MEMS-based AFM scanner was demonstrated in [16], where a
2-degree-of-freedom (DOF) MEMS nanopositioner fabricated
using a commercial silicon-on-insulator (SOI) process was
used in place of the existing scanning stage for an off-the-shelf
AFM. The nanopositioner’s stage contained a series of 3 um
gold features that were used to represent a scan sample, and
an open-loop scan of the features was successfully performed
by the AFM in tapping mode.

This paper extends the previous results reported in [16] by
introducing an enhanced version of the MEMS nanopositioner
that features integrated displacement sensors which measure
the motions of the stage along each of its two axes. The
use of standard MEMS fabrication processes means that it
is relatively straightforward to integrate these sensors into
the existing system without the need for additional complex
manufacturing steps. By adding displacement sensors to the
nanopositioning system, the device can be integrated in a
closed-loop control system to improve the static and dynamic
performance of the nanopositioner, enhancing its performance
during use as an AFM scanning stage. A schematic rep-
resentation of a 1-DOF nanopositioner is shown in Fig. 1,
demonstrating how stage displacement measurements made
by the electrothermal sensors can be utilized for closed-loop
control of the system.

The remainder of this paper continues as follows. Sec. II
describes the design of the MEMS scanner and its modal
analysis result. The electrothermal sensor design and the
readout circuit are presented in Sec. III. The characterization
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Fig. 1. A schematic diagram of a 1-DOF nanopositioner with electrostatic

actuators and electrothermal sensors in a closed-loop control system.

of the device, which includes sensor sensitivity and frequency
response measurements, and static non-linearity linearization
of the nanopositioner, is discussed in Sec. IV. Sec. V presents
the design and implementation of controllers to suppress
resonant modes of the device and to facilitate good tracking
of reference signals. Sec. VI evaluates the performance of the
MEMS nanopositioner for AFM imaging. Sec. VII concludes
the paper.

II. MEMS SCANNER DESIGN

The MEMS nanopositioner featured in this paper is
an evolution of the device described and tested in [16],
and is fabricated using a commercial SOI MEMS process.
As previously stated, the design has been modified such that
the nanopositioner features integrated electrothermal sensors
that enable real-time measurements of the stage displacement
along the x and y directions. The fabricated nanopositioner is
shown in Fig. 2.

The scanner has two mechanical degrees of freedom, with
electrostatic comb-finger actuators being used to position a
3mm x 3mm stage along the planar x and y directions.
The mechanical design of the nanopositioner is based on a
parallel-kinematic configuration, with a series of beam flexures
around the perimeter of the stage being used to position
the stage along the x and y axes, and also to decouple the
motions of the two axes. To prevent damage occurring to the
electrostatic actuators due the application of excessively high
actuation voltages, mechanical stoppers are used to physically
limit the displacement of the stage along each axis to 20 gm.

Each of the nanopostioner’s electrostatic actuators
feature interdigitated comb fingers with a width of 2 um,
and with a spacing of 2 um between adjacent fingers. These
are chosen according to the minimum dimensions permitted
by the fabrication process in order to maximize the force
generated by the actuator for a given actuation voltage.
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Fig. 2. SEM images of fabricated 2-DOF nanopositioner, showing
electrothermal sensors and integrated gold features.

This allows the stiffness of the beam flexures to be increased,
resulting in the nanopositioner having higher in-plane
resonance frequencies while maintaining a useful actuation
range. The ratio between the beam height and width
(approximately 7:1) means that the z axis stiffness is higher
than the in-plane stiffness, which is a desired quality for
AFM applications [17].

As part of the design process, the MEMS design software
package CoventorWare was used to perform a modal analysis
of the system. As shown in the simulation results in Fig. 3,
the nanopositioner’s first in-plane resonant mode is located
at approximately 903 Hz. The mechanical symmetry of the
device means that this mode exists for both of the device’s
in-plane axes.

The MEMS nanopositioner was fabricated via MEMSCAP’s
commercial silicon-on-insulator SOIMUMPs process [18].
The main device layer is comprised of 25 ym-thick doped
silicon, and contains the major structures of the device
including the actuators, displacement sensors, stage, and
flexures.

III. POSITION SENSORS FOR THE 2-DOF
NANOPOSITIONER

A. The Electrothermal Displacement Sensor

Displacement sensing technologies available in MEMS
devices are based on capacitive [19], piezoresistive [20],
and electrothermal [21] effects. Fabrication of the capacitive
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Fig. 3. Simulated first in-plane resonant mode of nanopositioner.

sensors is highly compatible with standard MEMS fabrication
processes. However, piezoresistive and electrothermal sensors
can be fabricated with much smaller footprints, which makes
them rather attractive in applications where space is at a
premium. These sensors map displacements of a stage to
variations in the resistivity of a transducer, typically made of
doped silicon. Piezoresistive sensors can be operated at lower
power levels compared to electrothermal sensors. However, the
resistance of the doped silicon is more sensitive to temperature
changes than variations in mechanical stress [22]. The small
footprint and high sensitivity of electrothermal sensors were
our motivation to utilize this technology to measure displace-
ments of the nanopositioning stage.

An early implementation of the electrothermal displace-
ment sensor was reported in [21], and it was subsequently
used in a probe-based data storage device reported in [10].
The operating principle of the sensor is based on utilizing
the temperature sensitivity of doped silicon resistance. The
conduction of electrical power through the doped silicon
increases its temperature. The transfer of heat between a
moving heat sink (the nanopositioner stage in this case) and
a stationary hot resistor (sensor) changes the sensor resis-
tance, as depicted in the 1-DOF nanopositioner schematic in
Fig. 1, where the stage is actuated electrostatically. The narrow
spacing between the heat sink and the sensor results in the
heat transfer mechanism being dominated by conduction [23].
As the stage moves, it absorbs heat from the resistor. When
the resistor temperature changes its resistivity will change.
Therefore, voltages derived from the change of the sensor’s
resistivity are highly correlated with displacement, and can be
used to represent the displacement of the stage.

The nanopositioner’s electrothermal sensors are arranged in
a differential topology, in order to improve the sensor linearity
and reject common mode signals. In previously reported elec-
trothermal sensing implementations, the heaters have typically
featured a uniform cross section [9], [21], [23]. Here, the
integrated sensors are designed to have a nonuniform profile.
As discussed in [24], electrothermal heaters with this shape

display a flatter spatial temperature distribution that leads to
higher sensor linearity and sensitivity. Further analysis of the
sensor design and characteristics including drift and bandwidth
are also presented in [24].

B. Proposed Structure for the Integrated Sensor

The use of electrothermal sensors in 1-DOF nanopositioners
has been reported in recent literature, e.g. see [23], [25].
In such designs the distance between the sensor and the stage
must be kept fixed in order to make precise measurements
of the lateral movements of the stage. It is rather difficult to
achieve this objective in a 2-DOF planar design [19]. Here,
we exploit the unique structure of the 2-DOF nanopositioner,
described in Sec. II, to incorporate the electrothermal displace-
ment sensors for both axes. A scanning electron microscope
(SEM) micrograph of the proposed 2-DOF nanopositioner
with integrated electrothermal displacement sensors is shown
in Fig. 2. The frames have elongated ends, compared to our
previous design reported in [16], in order to accommodate the
addition of the electrothermal sensors. The decoupled mechan-
ical design facilitates independent motions of the frames
along the two lateral axes. Thus, the frame that tracks the
stage displacement in one direction is fixed in the orthogonal
direction. Hence, the lateral motions of the stage are followed
by the frames independently, which leads to a fixed gap
between each sensor and its corresponding frame.

The length of each sensor is 50 ym, which is sufficient for
measuring the full travel range of the stage. The sensors were
designed to have resistance values of approximately 200 Q.
In the fabricated nanopositioner, however, the sensor resis-
tances vary from 160Q to 300 Q. The offset voltages gener-
ated by these differences can be corrected through the use of
potentiometers in the readout circuitry. The sensor resistance
variations may still result in varying sensitivities between the
sensors. However, these variations are addressed through the
use of look-up tables, as articulated in Sec. IV.

C. Readout Circuitry

As stated earlier, the desired sensor output is the heater
resistivity changes, which are highly correlated with the move-
ments of the stage. Common readout circuits for resistive
measurements are based on techniques involving RC-decay,
oscillator frequency, resistance-to-current conversion and
resistance-to-voltage conversion [26]. In the first approach, a
voltage pulse is applied to the RC circuit, and the time it takes
for the output voltage to reach to a certain threshold can be
measured from the variation in resistance or capacitance [27].
This method is effective for resistive sensors that have a large
dynamic range. The resistivity change in an electrothermal
sensor, however, is typically less than 10% of its nominal
value, which does not lead to a significant RC variation. The
effectiveness of the second approach is impeded by the phase
noise of the oscillator. Particularly, if a ring oscillator is used,
it is known that the phase noise contributes substantially to the
total measurement noise and reduces the achievable SNR [28].

To avoid these complications, we chose to design the
readout circuit based on the concept of resistance-to-voltage
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Fig. 4. Readout circuit schematics: a) Wheatstone bridge. b) TA.

conversion, which uses a Wheatstone bridge, and resistance-
to-current conversion, which uses transimpedance ampli-
fiers (TA). Both methods were implemented and tested on the
MEMS nanopositioner. The Wheatstone bridge is commonly
used in resistive readout circuits. However, it turns out that for
identical resistive changes, a TA-based read out circuit offers
a higher sensitivity.

The readout circuits corresponding to the two methods
are schematically illustrated in Fig. 4. The actuation voltage,
represented by V,, drives the electrostatic actuator. Vj is the
dc heating voltage, Ry gmsi1,2 are the sensor heated resistors
and R,12, RF1,2 are the bridge reference and the TA feedback
resistors, respectively. The sensor resistance variations can be
described as

RuEMs1,2 = RE0R, (1)

where R is the MEMS resistor value with the stage at
the middle (no displacement) and JR is the resistance
changes associated with the stage displacement. Assuming that
Ry1 = Ry2 = Ry.y, the bridge output voltage is
2Rref0R
—— 3 Vh
(R+ Rref )
where A is the differential amplifier voltage gain and V}, is
the bias voltage, which heats the sensors. The balanced bridge

conditions lead to R = R . Therefore, the total gain can be
obtained as

VoutB =

)

VoutB AVy
= —. 3
OR 2R )
Similarly, the output voltage for the TA circuit is given by
2RFOR
V, =A————YV, 4
outT (R2 —5R2) h 4)
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Fig. 6.  Sensor sensitivity curves achieved by the same setup over four

iterations using (a) the Wheatstone bridge and (b) the TA circuit.

As long as no voltage gain is expected from the TA, we
may assume R = Rpp . Therefore, neglecting SR?, the total
gain can be approximated as:

M — 2A_Vh 3)
SR R

Comparing Eqgs. (3) and (5) we note that the achievable
sensitivity with the TA readout circuit is four times higher
than with the bridge circuit. This is supported by experimental
results, illustrated in Fig. 5, where for the same actuation
voltage, a larger output voltage is obtained with the TA circuit.
In particular, we note from this figure that the slope of the
TA readout circuit transfer characteristic, i.e. its sensitivity,
is much larger than that of the bridge circuit. Additionally,
in the TA topology the heating voltage across the resistor
is kept fixed, which leads to a constant voltage mode oper-
ation. In contrast, the bridge topology does not guarantee
a constant voltage across the resistor. The curves shown in
Fig. 6(a) are four iterations of the same measurement using the
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¢) Sensor characteristic curve.

bridge circuit on one sensor, which indicate that a repeatable
measurement cannot be ensured. The constant voltage mode
operation achieved by the TA leads to similar outputs for the
four iterations as demonstrated in Fig. 6(b).

IV. DEVICE CHARACTERIZATION
A. Sensor Sensitivity Measurement

A Polytec PMA-400 Planar Motion Analyzer was used to
measure the x and y displacements of the nanopositioner. The
measurements were based on the principle of stroboscopic
video microscopy performed by in-built image analysis soft-
ware of the PMA. Actuation voltages from 0 V to 45 V
were applied to drive the x and y comb finger actuators,
and the corresponding displacements (measured by the PMA)
and sensor output voltages were recorded simultaneously.
Results are plotted in Fig. 7. The nonlinearities shown in
these plots are due to the nonlinear relationship between the
generated force and the voltage applied to the comb actuators.
With a maximum actuation voltage of 45 V, the measured
displacement is 16 gm for both x and y axes. From the

A 4

@P 0-2.25V
table

Compensation for static nonlinearity using lookup tables.

v, Nanopos s
0-45V

Cascaded plant

Fig. 8.

measured displacement versus sensor output plots shown in
Fig. 7(c), the mean sensitivity of the x and y sensors were
estimated from the slopes of linear best-fit curves fitted to
the data. The mean sensitivity of the x and y sensors are
approximately 2.29 ym/V and 3.42 um/V respectively.

The power spectral density (PSD) of the sensor output
was measured by a HP35670A signal analyzer in order to
determine the sensor resolution. The noise floor for the x-axis
sensor (worst case) is -90 dBVrms//Hz. In the open-loop
actuator-sensor system this typically translates to a 1 nm
displacement resolution over a 100 Hz frequency bandwidth.

B. Linearization of the Static Nonlinearity

The nonlinear relationship between input actuation voltage
and actuator displacement resembles a high-order polynomial
function. To linearize this, a lookup table was implemented in
dSPACE and placed in series with the plant, as shown in Fig. 8.
The lookup table stores the displacement data and actuation
voltages of the MEMS nanopositioner. These stored values
were obtained from the data plotted in Fig. 7(a). For every
pre-defined input displacement u (in xm), the lookup table
generates an output voltage V, by interpolating/extrapolating
among the stored values. The generated signal V, was fed to
a voltage amplifier which has a gain of 20. The output voltage
of the amplifier is in turn used to drive the nanopositioner.

The sensors exhibit minor nonlinearities, which may be
attributed to device imperfections due to tolerances in the
MEMS fabrication process. These nonlinearities were lin-
earized using a second lookup table (see Fig. 8) which stores
the data plotted in Fig. 7(c). Similar to the first lookup table,
for every sensor voltage S (in Volt) fed to the lookup table,
the lookup table generates an output displacement d (in gm).
By cascading the lookup tables with the plant, the input-output
relationship from u to d was linearized.

C. Frequency Response Measurement

The x and y axes frequency response functions (FRFs)
of the MEMS nanopositioner were obtained using the signal
analyzer. Displacements of both the axes were biased to their
mid-range which were at 8 gm. FRFs were recorded from the
inputs applied to the cascaded plant u,, u, in Fig. 8 to the
measured displacement dy, d, respectively.

Fig. 9 plots the experimentally determined open-loop FRFs
for both the x and y axes. The first resonance frequency of
the x axis is located at 860 Hz. For the y axis, the resonant
peak appears at 850 Hz. These measured resonances are close
to the ConventorWare simulated values. The dynamic range
of the x and y resonant peaks are respectively 36.6 dB and
37.5 dB.
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V. CONTROL DESIGN AND IMPLEMENTATION

The measured motion coupling from x-to-y and y-to-x
are —40.7 dB (0.92%) and —42.5 dB (0.75%) respectively,
which are remarkably low. Thus, the MEMS nanopositioner
can be, effectively, considered as two single-input single-
output (SISO) systems. A second-order model was fitted to the
measured frequency response of each axis using the frequency-
domain subspace algorithm [29]. The following are the two
identified transfer functions of the SISO systems.

G = 0.1769s2 — 29545 + 2.235 x 107 ©
s2 457215 +2.925 x 107

G = 0.1841s% — 31515 4+ 2.314 x 107 o
ity 52 4 56.1s + 2.85 x 107

Next, a positive position feedback (PPF) controller was
designed and implemented on the fast axis (x axis) of the
nanopositioner to suppress its first resonance frequency. PPEF,
proposed by Caughey and coauthors [30], [31], is known
to be an effective controller capable of providing substantial
damping to collocated structures [32]. The transfer function of
a PPF controller rolls-off at 40 dB/decade at high frequencies,
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which is a desirable property to avoid the excitation of high
frequency dynamics of the nanopositioner. An integral tracking
controller was implemented in the outer loop to improve
low frequency tracking (see Fig. 10). The combined control
strategy is known to reduce crosstalk between the two lateral
axes [33]. In a typical rastering application, the y axis is
used to track a slow ramp set-point. Hence, the closed-loop
bandwidth requirement on this axis is less demanding. A notch
filter combined with an integral tracking controller [34] was
designed and implemented on the y axis as shown in Fig. 10.
Transfer functions of the two controllers are described in
Egs. (8) and (9) below.
5.5 x 106
CPPr = T A1615 +3.533 x 107 ®)
5% 4 289.95 +2.574 x 10’

52 +2.899 x 10%s +2.574 x 107

A dSPACE-1103 rapid prototyping system, working at a
sampling rate of 80 kHz, was used to implement the controller.

©))

Choteh =
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Fig. 12. AFM scan results obtained at 10 Hz, 50 Hz and 100 Hz, in open-loop, closed-loop and closed-loop with inversion feedforward. 3-D topography of
the sample is plotted. For the time signal plots, the left-hand scale is for the fast-axis reference (blue) and displacement (red) signals of the nanopositioner.
The right-hand scale is for the tracking errors (green). These are plotted in (¢m Vs. msec).

The closed-loop frequency responses of the two axes are integral controller with a gain of K;, = 700, the achievable
plotted in Fig. 9. The PPF controller in the damping loop closed-loop bandwidth is 165 Hz. The gain and phase margins
reduces the resonant peak by 22.1 dB. Together with the are 7.24 dB and 80.2°, respectively. For comparison, in a



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

closed-loop system without the damping loop, but with an
integrator, the highest closed-loop bandwidth obtainable is
only 16 Hz. The tracking bandwidth is increased tenfold with
the implementation of the proposed PPF controller. For the
slow axis, where a smaller closed-loop bandwidth is accept-
able, the measured bandwidth is 18 Hz with gain and phase
margins of 27.2 dB and 87.1° respectively. This bandwidth is
sufficient for tracking a slow ramp reference input.

A. Inversion Feedforward

Without feedback control, the highest scan rate achievable
on a nanopositioner with a resonance frequency of 860 Hz
is 8.6 Hz [1]. Here, the objective is to obtain AFM images
with raster scan rates up to 100 Hz. The obtained closed-
loop tracking bandwidth of 165 Hz is insufficient to track
a fast 100-Hz triangular waveform. Therefore, the inversion-
based feedforward technique was used to further increase the
tracking bandwidth. A model-based feedforward technique
may not be able to compensate for plant uncertainties [35].
However, plant uncertainties can be minimized by means of
feedback control [17], [36], [37], i.e. by implementing the
two feedback control loops as presented in Sec. V. A model
G (s) was fitted to the closed-loop frequency response data
of the x axis for inversion, see Fig. 10(a). In order to obtain
an accurate inversed model G;ll(s), the frequency range of
the model was restricted to 1.5 kHz to reduce modeling errors
due to uncertainties in the measured closed-loop data. The
inversion feedforward inputs 7, were obtained by using all
odd harmonics of the triangular waveform that lie within the
bandwidth of 1.5 kHz, where the amplitude of the harmonics
was scaled by | Gc_l1 (iw) |, and the phase of the harmonics
was shifted by ZGC_ll (iw). Note that 7y were obtained offline
as shown in Fig. 10(a). By implementing the inversion feed-
forward technique, the tracking bandwidth of the system was
increased from 165 Hz to 1.5 kHz.

VI. AFM IMAGING PERFORMANCE

This section reports the AFM images obtained with the
feedback controlled MEMS nanopositioner. The experimen-
tal setup consisting of the MEMS scanner mounted on a
printed circuit board, together with the readout circuitry and a
Nanosurf EasyScan 2 AFM, is illustrated in Fig. 11. The exper-
iments were performed in the scan-by-sample mode where
the scan table, which is deposited with calibration features
(see Fig. 2), was moved in relation to the static probe. The
z scanner of the commercial AFM and its in-built vertical feed-
back controller were activated during the “landing” process to
regulate the probe-sample force. After successfully “landing”
the probe, the vertical feedback controller was turned off. The
MEMS nanopositioner was driven in a raster pattern during
the scans. This scanning mode is known as the constant-height
contact-mode.

A cantilever probe with a resonance frequency of 13 kHz
and a stiffness of 0.2 N/m was used during the scans.
The height of the features is approximately 550 nm. The
remaining dimensions can be found in Fig. 2. An image
area of 12.7 yum x 12.7 ym was scanned at 10 Hz, 50 Hz
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TABLE I
MAXIMUM AND RMS TRACKING ERROR (NM) OBTAINED IN OPEN-LOOP,
CLOSED-LOOP AND CLOSED-LOOP WITH INVERSION FOR 90% OF THE
SCAN RANGE

Scan freq. OL CL CL. + Inver.
(Hz) Max. RMS Max. RMS Max. RMS
10 119.6 87.6 328.4 308.0 2152 108.4
50 766.7 3138  541.8 463.8  366.4 166.5
100 14352 9654 13794 10188 5004  167.5

and 100 Hz in open-loop, closed-loop and closed-loop with
inversion. Fig. 12 plots the 3-dimensional topography images,
the fast x axis displacements and tracking errors of the
nanopositioner.

At 10 Hz, vibrations are not noticeable in any of the
scans. While vibration-induced artefacts appear in the open-
loop scans at 50 Hz and 100 Hz, these vibrations are
suppressed in closed-loop. However, the associated track-
ing errors are relatively large which can be seen from the
time signal plots in Fig. 12. This is due to the inadequate
closed-loop tracking bandwidth of the fast axis, which is
only 165 Hz. Image artefacts due to poor tracking can be
observed in the 100-Hz closed-loop scans where the round
features are smudged and elongated. With the implementation
of the inversion feedforward technique, these artefacts are
eliminated in the 100 Hz scan which improves the image
quality substantially. Table I shows the maximum and RMS
tracking errors for 90% of the scan range. With the inver-
sion feedforward technique and the feedback control loops
combined, the tracking errors of the 50 Hz and 100 Hz
triangular references are significantly reduced by a factor
of 1.8 and 8.2 respectively compared to their open-loop
counterparts.

VII. CONCLUSION

Electrothermal displacement sensors were integrated in
a 2-DOF electrostatically-actuated nanopositioner on a SOI
MEMS chip. The stage, which functions as the scan table,
has an area of 3mm x 3 mm, and a maximum displacement
of 16 um in both the x and y directions. The electrothermal
sensor outputs are measured by a transimpedance amplifier
circuit, with this output being utilized as a measurement
by a controller in a feedback loop. The frequency response
and static nonlinearity of the device were characterized
in order to implement the controller. The comparison
of the scan results obtained by the AFM in open-loop,
closed-loop and closed-loop with inversion configurations
demonstrate the effectiveness of MEMS-based sensor
integration in achieving high-quality AFM scans at high scan
speeds.

The successful demonstration of a feedback controlled
MEMS nanopositioner to generate images through an AFM
scan represents an important step towards the development of
a complete miniaturized AFM. Through further work to shrink
the remaining components of the system, the ultimate goal of
developing a system for true on-chip AFM scanning may be
realized.
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