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Fabrication and Characterization of Micromachined
Active Probes With Polymer Membranes for
Biomolecular Force Spectroscopy
Hamdi Torun, Krishna K. Sarangapani, and F. Levent Degertekin

Abstract—A micromachined polymer membrane-based active
probe has been developed for biomolecular force spectroscopy.
The probe has integrated but significantly decoupled electrostatic
actuation and optical interferometric force sensing capabilities.
Devices have been fabricated on silicon substrates using Parylene
as the membrane material. The electrostatic actuator integrated
into the probe could provide > 1-μm displacement with a flat
response of up to 30 kHz in fluid, a feature particularly useful
in fast-pulling force spectroscopy experiments involving biomolecules. The probes were successfully employed to measure the
unbinding forces between biotin and streptavidin, wherein the
force noise level was <10 pN with a 1-kHz bandwidth for an
8-N/m membrane with a 25-kHz resonance frequency in fluid.
This is in agreement with the thermal noise data generated by
a finite-element model that predicts further improvements with
simple design changes.
[2010-0069]
Index Terms—Atomic force microscopy, fabrication, microelectromechanical systems, molecular biophysics.

I. I NTRODUCTION

A

TOMIC force microscopy (AFM) has been widely used
to measure the biological interaction forces in fluid
[1]–[4]. In a conventional AFM system used for biomolecular
force spectroscopy measurements, the force sensing element
is a passive microcantilever functionalized with biomolecules
of interest, whose kinetic and mechanical properties are being
investigated. Unbinding/unfolding kinetics between the interacting biomolecules on the cantilever tip and an adjacent substrate are characterized by repeatedly moving the cantilever
in and out of contact with the substrate using the piezo tube
actuator of the AFM system, monitoring the bending of the
cantilever (that corresponds to force) at all times. Commercially
available AFM cantilevers can provide a force resolution of
a few piconewtons (pN) with a 1-kHz bandwidth [5]. Force
sensors with a lower inherent noise are needed to expand the
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capability of the AFM to probe different biomolecules and
investigate interesting phenomena, such as the counterintuitive
catch bonds in receptor–ligand interactions [6], [7]. The force
resolution of an AFM system can be improved by using smaller
cantilevers at the expense of microfabrication constraints and
sophisticated detection systems that have hindered their use on
a wide scale [8], [9].
Dynamic force spectroscopy measurements by varying the
loading rate on the biomolecules allow researchers to investigate the energy landscapes governing the interactions [10]. The
loading rate is heavily dependent on the pulling speed of the
cantilever in a conventional AFM system. The hydrodynamic
drag force on the moving cantilever increases as the pulling
speed increases, which sets an upper bound on the maximum
pulling speed before the hydrodynamic drag force becomes
larger than the interaction force to be measured. This level
is usually between 10 and 30 μm/s which is not adequate
to completely map the energy landscapes [11]. Thus, novel
actuators that enable measurements to have higher loading rates
with minimal hydrodynamic drag forces on the force sensors
are highly desirable.
Cantilevers are not the only force sensing structures
suitable for AFM. Novel membrane and clamped-clamped
beam structures with electrostatic actuation and integrated
diffraction-based optical interferometric displacement detection capabilities have been recently introduced for AFM
applications [12]. These probes, called the force-sensing integrated readout and active tip (FIRAT), have been designed to
have a higher bandwidth compared to the slower commercially
available cantilevers and have been used for several important
AFM applications, such as fast imaging and capturing transient
interaction forces between the probe tip and the sample, and for
quantitative material characterization [13].
The use of a FIRAT probe structure as an actuator for biomolecular force spectroscopy has been demonstrated in liquid
using sealed dielectric membranes made of silicon nitride/oxide
layers [14]. These probes serve as fast electrostatic surface
actuators coupled with cantilevers and have been designed for
fabrication as arrays. A significant advantage of these actuators
is that the hydrodynamic drag force induced on the cantilever
is dramatically reduced, which enables the pulling of biomolecules that is an order of magnitude faster as compared with the
regular cantilevers [15].
Although the optical displacement sensor integrated to those
silicon nitride/oxide membrane actuators provided a noise floor
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Fig. 1. (a) Generic schematic of a single-molecule experiment employing a
functionalized active probe that is coupled with a functionalized sharp tip.
(b) Schematic cross section of probe structure highlighting its different sections.

√
< 10 fm/ Hz for the frequencies as low as 3 Hz, the force
resolution was not adequate as a sensor. In this paper, we
first describe the active probes with polymer membranes that
combine sensing and actuation modalities for biomolecular
force spectroscopy. The polymer membranes allow fabricating
the compliant structures, enabling a better force resolution. We
also present a nonuniform membrane design that significantly
decouples the sensor from the actuator. The independently
optimized sensor improves the performance of the probe when
it is used for force sensing. In contrast to the earlier designs,
the probe membrane sits on a silicon substrate with wafer holes
that serve as venting holes for the membrane to overcome the
squeezed film damping effects. We then describe the siliconbased fabrication process of these probes using the Parylene
film and standard IC materials. We also discuss the noise
performance of the probes through modeling and experimental
characterization. Finally, we demonstrate the utility of these
probes in biomolecular force spectroscopy experiments.
II. S TRUCTURE AND O PERATION OF
M EMBRANE -BASED ACTIVE P ROBES
The generic schematic of a single molecule experiment using
the membrane probe is shown in Fig. 1(a). In this setup, a
sharp tip functionalized with the desired molecules localizes
the interaction to the center of the membrane probe. When
the probe is used as both an actuator and a force sensor,

the tip should be stiff so as not to interfere with the force
measurement. Alternatively, an AFM cantilever can be used
as the force sensor while the membrane probe is used as an
actuator [14]. The sharp tip can be positioned in the X–Y and
Z using a conventional piezo actuator. The distance between the
interacting biomolecules is controlled using the piezo actuator
of the tip and the electrostatic actuator of the membrane. The
unbinding forces are monitored using the optical displacement
sensor integrated to the probe.
The cross section of an active probe developed for in-fluid
operation is schematically shown in Fig. 1(b). The circular
probe membrane sits on a silicon substrate. A nonuniform
membrane structure design optimizes the performance of the
actuator and the sensor simultaneously. The thicker side of the
membrane is the actuator section. It forms the parallel-platetype electrostatic actuator integrated to the probe. Moving the
electrodes to the sides extends the actuation range of a uniform
parallel-plate-type electrostatic actuator for which the range is
typically one-third of the gap height [16]. The top electrode of
the actuator is sealed with a thicker dielectric layer. This layer
provides a better electrical insulation when the buried electrode
is electrically excited. The thicker actuator section also makes
a relatively stiff actuator. This increases the resonant frequency
of the actuator and enables fast-pulling experiments. Moving
the electrodes to the sides and increasing the dielectric layer
thickness come at the expense of higher, but reasonable, voltage
levels needed to move the membrane.
The center part of the probe forms the detection membrane
for force sensing. This part can be thinner (hence more compliant), leading to a nonuniform membrane structure. It is mainly
made of a thin dielectric layer with a circular metal layer. This
metal layer serves as the second reflector forming the diffraction grating interferometer that measures the displacement of
the membrane. When a laser beam illuminates the membrane
from the back, the light reflects off the membrane and interferes
with the light reflecting off the diffraction grating attached
to the bottom of the substrate. The reflected light goes into
diffraction orders due to the grating. The intensity of the light at
the diffraction orders is a sinusoidal function of the gap between
the membrane and the diffraction grating. Further details of the
detection method can be found elsewhere [17]. It should be
noted that the diffraction grating is placed at the back of the
silicon substrate in this design and is not an integrated part of
the probe. Replacing the grating with a semitransparent mirror
forms a simple Michelson interferometer. It is also possible
to combine the probe with a tunable grating device [18]. A
tunable grating guarantees that the interferometer operates at
its maximum sensitive point independent of the position of the
membrane.
The vent hole under the membrane not only provides optical
access for the interferometer but also allows the fabrication of
a free-standing membrane. The membranes are released from
the back using vent holes as described in the next section. This
approach eliminates the need for an etch channel on the front
side of the probe, which is exposed to the fluid. Sealing such
etch channels may be difficult without affecting the characteristics of the probes. The vent hole also equalizes the pressure
between both sides of the probe, which, in turn, makes the probe

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
TORUN et al.: FABRICATION AND CHARACTERIZATION OF MICROMACHINED ACTIVE PROBES

3

Fig. 2. FEM simulation of displacement profile of (a) the unbiased membrane when 100-pN point force is applied at the center and of (b) the membrane with applied voltage to the side electrodes to displace the center by
1 μm. One-half of the membrane is shown.

immune to ambient pressure gradients that might displace the
membrane during its operation. More importantly, the detection
membrane has no rigid structure underneath it owing to the
vent hole. Thus, the force sensor is minimally affected by the
squeezed film damping due to the gas film trapped between
the moving membrane and the rigid substrate. The squeeze film
damping adversely alters the dynamics of the microstructures
and increases the level of thermal noise [19].
In a typical biological experiment as described in Fig. 1, the
detection membrane is used to sense the point forces acting at
its center. One needs a compliant detection membrane to increase the force sensitivity. This membrane also should be small
to reduce the thermal noise due to viscous damping. For decoupled operation, this point force should not affect the thicker
actuator section. Similarly, when the actuator is activated, the
properties of the detection membrane, such as the force sensitivity, should not change. A finite element method (FEM)
has been used to design and simulate the decoupled membrane structure. An axisymmetric model using the commercial
software ANSYS is used to analyze both cases. The probe in
this model is 300 μm in diameter with a 120-μm-diameter
detection membrane. The detection membrane is 0.5 μm thick,
and the actuation section is 3 μm thick. The computational
domain is composed of a 2-D structural element, the Plane82.
A point force of 100 pN was applied at the probe center after
clamping the edges. The center of the detection membrane
displaces 91 pm while the deflection of the actuation section
is negligible [see Fig. 2(a)].
Next, we analyzed the effect of the actuator on the detection
membrane. First, we calculated a stiffness of 1.1 N/m for the
unbiased membrane through FEM simulations. Then, we biased
the actuator so that the center of the membrane is displaced by
1 μm as shown in Fig. 2(b). We used an electrostatic element, the Plane121, for this electrostatic-structural coupledfield analysis. The initial gap of the membrane is 2.5 μm. For
the case of the actuated membrane, the stiffness of the detection
membrane changes—it is actually reduced—only by 2.2%.
Hence, the use of rigid side electrodes for the actuation does
not significantly alter the behavior of the sensor membrane. On

Fig. 3. Process flow for the microfabrication of membranes and top view of
a fabricated membrane. (a) Nitride deposition and patterning on both sides,
bottom electrode definition. (b) Thining down the front side nitride, PR sacrificial layer definition. (c) Bottom Parylene definition, top electrode definition.
(d) Top Parylene definition. (e) (Optional) Thinning down the detection membrane. (f) KOH-etching of Si, RIE-etching of front side nitride from backside.
(g) Releasing in acetone. (h) Photograph of a 300-μm-diameter membrane.

the other hand, an electrostatic actuator with uniform electrodes
would alter the stiffness significantly due to the spring softening
effect [20]. To summarize, the nonuniform membrane structure
allows us to make smaller and compliant detection membranes,
together with sealed rigid actuators. The FEM simulations show
that the operation of the sensor and actuator does not impact
each other, indicating a decoupled sensor/actuator combination.
III. FABRICATION OF P ROBE M EMBRANES
The microfabrication of the probe membranes is a Si-based
seven-mask process as schematically illustrated in Fig. 3. We
fabricated probe membranes on a 300-μm-thick Si wafer. The
fabrication process started with the deposition of 3-μm-thick
plasma-enhanced chemical deposition nitride films on both
sides of the wafer. We used the back-side nitride film as a
mask for etching the silicon substrate using potassium hydroxide (KOH) in a subsequent step. The front-side nitride film
electrically isolates the electrodes from each other and the substrate. On top of this nitride layer, we patterned 100-nm-thick
gold electrodes (with 10-nm-thick chromium as an adhesion
layer). For this step, we used a filament evaporator and a
standard liftoff process with the first mask as shown in Fig. 3(a).
These electrodes serve as the bottom electrodes of the electrostatic actuators integrated to the membrane probes. After the
definition of the bottom electrodes, we patterned the back-side
nitride layer in a reactive ion etch (RIE) chamber to open the
KOH etching windows with the second mask. The back-side
alignment was required for this lithography step to align the
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windows to the electrodes on the front side of the wafer. Then,
we thinned the front-side nitride layer down to a thickness
of 1 μm. We spun and patterned a 2.5-μm-thick sacrificial
photoresist (PR) (SC1827, Shipley) as shown in Fig. 3(b). We
started to build the membrane with a 0.5-μm-thick chemicalvapor-deposited Parylene layer deposition. This layer is an insulation layer between the electrodes to avoid electrical shorting
in case of membrane collapse. This Parylene layer is also the
structural layer for the detection membrane. We patterned the
Parylene layer using the oxygen plasma in a RIE chamber. We
used a titanium hard mask for the RIE etching since the etch
rates of the Parylene and PR are on the same order with the
oxygen plasma. The titanium hard mask layer was sputtered
to a thickness of 70 nm. After the oxygen plasma, this layer
was removed using diluted hydrofluoric acid (HF). The etching
solution was prepared by adding 15 drops (using a disposable
Pasteur pipette and with a drop size of 20–50 μL) of 45% HF
into 300 mL of deionized water. We did not observe the HF
attacking the other layers since it was very diluted and etched
the titanium layer fast. Then, we sputtered a 150-nm-thick
aluminum layer that serves as the top electrodes. In order to
promote adhesion between the aluminum and Parylene layers,
we sputtered 10-nm-thick chromium layers on the top and bottom sides of the aluminum layer. We wet etched the metal layers
as shown in Fig. 3(c). For the chromium etching, we used the
chromium etchant type 1020 (Transene Company Inc., Danvers,
MA) at room temperature. For the aluminum etching, we
used the aluminum etchant type A (Transene Company Inc.,
Danvers, MA) at 50 ◦ C. Finally, we deposited a 1-μm-thick
Parylene layer over the top electrodes. This layer protects
the electrodes in the fluid. This Parylene layer is also where
the biomolecules are anchored in biological experiments. We
patterned the top Parylene layer similarly using the oxygen
plasma with a titanium hard mask [see Fig. 3(d)]. For the
uniform membrane, the fabrication of the front side of the wafer
ends after this step. To define the nonuniform membranes with a
thinner center part, we thinned down the top Parylene layer using oxygen plasma as shown in Fig. 3(e). Then, we opened the
back-side venting holes using KOH as shown in Fig. 3(f). The
front side of the wafer was protected using a commercial wafer
holder (AMMT GmbH, Frankenthal, Germany). The venting
holes also serve as the etch holes to release the membranes.
The KOH bath was held below 70 ◦ C to prevent cracking on
the Parylene layers due to thermal stress. In addition, we also
carried out all the hard-baking and soft-baking steps below
90 ◦ C after the deposition of the first Parylene layer. Otherwise,
we observed cracking on the membrane layers. The anisotropic
etching of the silicon substrate with KOH stopped at the front
side nitride layer, which we removed using the RIE from the
back side of the wafer. Finally, we diced the wafers into chips
and released the membranes in acetone. We dried the samples
using a supercritical dryer to prevent stiction after the PR layer
was removed.
The surface of the membrane is Parylene, which is hydrophobic in nature. During the membrane functionalization in
biomolecular experiments, it is absolutely mandatory that the
membrane surface be able to anchor the biomolecules without compromising on the molecular functionality. The surface
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Fig. 4. Schematic of membrane probe coupled with AFM cantilever in the
experimental setup.

properties of Parylene can be altered by oxygen plasma treatment in a RIE chamber [21]. Hence, the surface chemistry of a
hydrophobic Parylene surface can be accordingly altered for experiments involving protein adsorption or bilayer-reconstituted
membrane proteins. The treated Parylene surface can retain
its properties for a few days [22], [23]. This is an advantage
over the other polymers, such as the polydimethylsiloxane for
which plasma treatment effects last only for a few hours. The
probe membranes are reusable. After a biological experiment,
the membrane surface can be cleaned using organic solvents,
and if needed, the polymer surface can be plasma treated again.
IV. E XPERIMENTAL C HARACTERIZATION AND M ODELING
We characterized the fabricated probes in air and in fluid,
ensuring that they performed well during the force spectroscopy
experiments. Here, we present the experimental characterization and biomolecular force spectroscopy data using both the
uniform and nonuniform membranes. Based on the experimental data that we have gathered, we also present projections
regarding the performance of the probes with this design.
The experimental characterization setup used for the characterization of the probes is shown in Fig. 4 where an AFM
cantilever is coupled to a membrane probe. The cantilever is
controlled with a commercial AFM system (Nanoscope 3100,
Veeco Metrology–Digital Instruments, Santa Barbara, CA).
Biomolecular experiments investigating protein–protein,
antigen–antibody, or ligand–receptor interactions typically require a pulling range of ∼1 μm before the bond rupture or the
domain unfolding [24]. The membrane probes are capable of
delivering the required displacement range. The range of the
electrostatic actuator depends on the gap between the membrane and the substrate [labeled as d0 in Fig. 5(a)]. We measured the range provided by a 200-μm-diameter 2.5-μm-thick
uniform membrane by engaging an AFM cantilever at the
center of the membrane using the experimental setup shown
in Fig. 2. The spring constant of the membrane was 150 N/m,
and that of the cantilever was 0.01 N/m. Since the membrane
was much stiffer than the cantilever, the loading of the cantilever on the membrane due to the engaged cantilever was
negligible. Initially, the cantilever was indented around 3 μm on
the membrane. Then, the bias voltage between the electrodes
of the membrane actuator was gradually increased. Since the
membrane and the cantilever were fully in contact, the soft cantilever followed the membrane displacement. We continually
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Fig. 6. Frequency response of a 200-μm-diameter membrane in air and fluid.
Fig. 5. (a) Schematic of integrated electrostatic actuator with side electrodes.
(b) Displacement of a 200-μm-diameter membrane with applied bias voltage.

monitored the deflection of the cantilever using the optical lever
readout of the AFM system. Fig. 5(b) shows that the membrane
was displaced > 1.25 μm [labeled as x in Fig. 5(a)] before it
collapsed to the substrate. The initial gap height was 2.5 μm.
A simple parallel-plate electrostatic actuator with uniform
electrodes at the same gap height would provide a range of
0.83 μm before collapsing. Thus, we observed a 50% improvement regarding the displacement range with these probe actuators using the side electrodes. The whole range required less
than 125-V bias. This level is comparable to the requirements
of the piezo tube actuators commonly used in commercial AFM
systems.
The outlined method of the actuator characterization is ideal
for our proposed application. We can measure the displacement of the membrane exactly at a single point where the
biomolecular interactions are most likely to occur. This method
is employed to calibrate the membrane actuators before any
biological experiment. Calibrating the actuators minimizes any
uncertainties due to the unwanted effects, such as the parasitic
charge accumulation that alters the characteristics of electrostatic actuators [25].
The actuation speed provided by piezo tube actuators is not
enough for fast-pulling experiments. Novel actuation methods,
such as integrated micromachined piezoelectric actuators or
photothermal cantilever actuators, have been developed to overcome the shortcomings of the piezo tube actuators [26], [27].
Using these methods, the actuation bandwidth of the cantilevers
in liquid has been extended to a few tens of kilohertz.
The electrostatic actuator integrated to the membrane probe
is a fast actuator. The bandwidth of the electrostatic actuator
can provide high pulling rates since the speed is determined
by the membrane dynamics. Fig. 6 shows the experimentally
obtained frequency response of a 200-μm-diameter actuator.
We drove this membrane with an ac voltage imposed on top
of a dc bias voltage and measured its displacement using the
diffraction grating interferometer of the probe. We measured a
resonant frequency of 365 kHz in air, which was predicted well
using a single-harmonic oscillator lumped model. The resonant
frequency of the same membrane dropped to 36 kHz in fluid.
The drop in the resonant frequency can be explained well by
incorporating the loading effect of the fluid on the vibrating
membrane on a lumped element model. [28]. We also introduced additional damping to the model to match the quality

Fig. 7. (a) Actuation of an AFM cantilever by using electrostatic actuator of
membrane probe. (b) Cantilever readout signal in fluid when the membrane was
actuated by a ramp signal.

factor measured experimentally. The flat response until the
resonant frequency ensures the effective use of the actuator for
fast-pulling experiments.
We demonstrated the use of membrane probes to actuate
the cantilevers in fluid by engaging a cantilever at the center
of the membrane and keeping it fully in contact with the
membrane. We drove the membrane at a speed of 21 μm/s and
read the displacement of the cantilever as shown in Fig. 7. A
membrane driven at 5 kHz with a triangular 1-μm peak-to-peak
waveform will provide a rate of 104 μm/s. This is more than an
order of magnitude faster than that possible with conventional
AFM. In addition to a faster actuation, the cantilever feels very
low hydrodynamic drag forces when moved by a membrane
actuator as compared to the cantilever itself being actuated with
a piezo tube actuator or when a sample stage is actuated against
the cantilever [15]. Thus, the whole bandwidth of the electrostatic actuator can be exploited to map the energy landscapes
of molecular systems. The details of this drive scheme and
supporting experimental data have been reported [15].
When used as a force sensor, the membranes should be designed carefully to minimize noise. We conducted experimental
and modeling studies to understand the noise characteristics
of the polymer membranes when immersed in fluids. The
fundamental noise sources in the system can be identified as
the thermal noise of the membranes and the shot noise in the
photodetectors.
To understand the thermal noise contributions, we modeled
the noise behavior of the membranes using an FEM model
based on the commercial software COMSOL. This model can
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Fig. 8. Force noise spectrum of a 500-μm-diameter force probe with 300-μmdiameter detection membrane in fluid.

be used to solve the Navier–Stokes equations to extract the
frequency-dependent viscous damping on a membrane in fluid
due to the hydrodynamic drag force. Calculating the viscous
damping allows us to generate the thermal noise spectra without
the need for a fitting parameter prior to any experimental
characterization. To calculate the shot noise level for a particular membrane sensor, we measured the photocurrent in the
photodiodes. The outer diameter of the membrane used in the
experiments was 500 μm. The detection membrane was 300 μm
in diameter. Its spring constant was measured to be 8 N/m.
Based on√ these values, we calculated a shot noise level of
0.13 pN/ Hz below 1 kHz.
We measured the force noise spectra of this membrane in
fluid and compared it with our noise model results in Fig. 8. For
the particular membrane,
√ we predicted a thermal noise below
1 kHz to be 0.22 pN/ Hz, which is in good agreement with the
measurements and validates the FEM-based model.
The total noise floor of the presented membrane in fluid is
8.1 pN with a 1-kHz detection bandwidth. The force resolution
of the current probes is comparable to that of the commercially
available cantilevers. For example, the thermal noise floor of
a 200-μm-long rectangular cantilever (from Veeco Instruments
Inc.) with a nominal spring constant of 0.02 N/m is 8.4 pN with
a 2-kHz bandwidth in fluid [29].
For a comparison of the force curves, we captured the
displacements of a membrane probe and an AFM cantilever
simultaneously. We coupled this 500-μm-diameter force probe
with a rectangular silicon cantilever (force modulation etched
silicon probe (FESP), Veeco Instruments Inc.) in fluid. The
nominal spring constant of this cantilever is 2.8 N/m which
is comparable to that of the membrane probe. Moreover, the
resonant frequency of a FESP tip was previously reported to be
30 kHz in fluid, which is also similar to that of our probe [30].
We actuated the FESP cantilever in and out of contact with
the probe membrane and captured the force curves simultaneously. Fig. 9 shows the captured force curves when we set the
peak force on the cantilever such that the signal-to-noise ratio
(SNR) was unity. The results show that a membrane probe can
have a lower noise as compared to a typical AFM cantilever
with similar mass and spring constant.
The force resolution of the membrane probes can be further
improved using thinner detection membranes. The lower spring
constant of the thinner membrane will increase the force sen-

Fig. 9. Comparison of force curves obtained by the AFM cantilever and the
membrane probe when a 2.8-N/m cantilever with quality factor of 3.8 was
actuated against an 8-N/m membrane in fluid. The peak force on the cantilever
was set such that SNR = 1.

sitivity which reduces the shot noise component of the force
noise. The lateral size of the membrane can be reduced to
achieve the same stiffness with a thinner membrane. Minimizing the moving area will reduce the viscous damping of the
structure, and this will help reduce the thermal noise component
of the force noise. The projection based on the experimental
results obtained with the current membranes and the FEMbased model used to predict the viscous damping is that it is
possible to measure interaction forces of 0.3–1 pN with a 1-kHz
bandwidth in fluid using the membranes with spring constants
of 1–5 N/m. Fabricating thinner membranes is challenging.
Thinner layers are prone to cracking and delaminating due to
residual and thermal stresses. Controlling the thickness uniformity is also crucial with thinner layers. Therefore, alternative
materials in addition to Parylene should also be evaluated for
fabricating thinner membranes.
V. B IOLOGICAL E XPERIMENTS W ITH
THE M EMBRANE P ROBES
We measured the unbinding forces between biotin and streptavidin to demonstrate the use of these membrane probes in
biomolecular force spectroscopy experiments. In these experiments, we selected a cantilever with a spring constant of 14 N/m
that was prefunctionalized with biotin (CT. BIO, Novascan
Technologies, Inc., Ames, IA). After removing the cantilever
from the sealed pack, it was incubated with ∼ 20 μl of streptavidin (10 μg/ml) that has an extremely strong affinity for biotin,
and the 500-μm-diameter probe membrane was functionalized
with biotinylated bovine serum albumin (BSA). The membrane
was then covered with Dulbecco’s phosphate-buffered saline
solution (Sigma-Aldrich Inc., St. Louis, MO). Streptavidin is
a symmetric tetrameric protein and has four binding sites for
biotin [31]. Due to its structural symmetry, we believe that two
of those sites would be used to strap them onto the biotin on
the AFM cantilever, leaving the other two sites free for binding
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VI. C ONCLUSION
Active force probes with polymer membranes have been
fabricated on silicon wafers. These probes have the desired
dynamics and noise characteristics for fast high-resolution
biomolecular force measurements. The integrated electrostatic
actuator of the probe provides > 1 μm vertical range with side
electrodes, which is ideal for biomolecular force spectroscopy
experiments. The actuator’s speed is determined solely by the
membrane dynamics that is over an order of magnitude faster
than that of the commercial AFM systems while generating
virtually no hydrodynamic drag [15]. The speed and range of
this actuator make it a good candidate for applications requiring
fast feedback controlled systems [34]. The fabrication process
of these probes allows for the simultaneous optimization of the
sensor and actuator characteristics. For example, nonuniform
membrane probes with a thin center and thick outer sections
provide compliant low noise sensing and fast rigid actuation
capabilities, respectively. The initial results obtained with these
devices involving the biotin and streptavidin strongly suggest
that their force resolution is comparable to that of the commercially available cantilevers. With relatively simple structural
changes, we believe that the force resolution of the sensor can
be significantly improved.
Fig. 10. (a) Functionalized AFM cantilever tested against a membrane probe.
Prefunctionalized AFM cantilever was incubated with streptavidin while the
membrane probe was functionalized with biotinylated BSA. (b) Sample force
curve showing a null adhesion event. Force on the membrane stays at zero
immediately after the membrane gets out of contact with the AFM cantilever.
(c) Sample force curve showing a 200-pN unbinding event, as signified by the
negative “dip” of the force trace, immediately when the membrane and the
cantilever are out of contact. In this case, the membrane and cantilever are still
linked by a biomolecular bond.
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cantilever. Fig. 10(c) shows a sample force curve with a specific
unbinding event. The strength of the interaction was ∼200 pN.
The adhesion frequency (i.e., the fraction of binding events in
100 repeated test cycles) was between 30%–40%. At such a
binding frequency, the bulk of the interactions would involve
single molecular pairs, according to small number statistics.
The findings that we obtained here are in good agreement
with the data presented previously using similar Parylene membranes [33].
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