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This paper present the design of cantilever-based biosensors with new readout, which hold promises as fast and cheap “point
of care” device as well as interesting research tools. The fabrication process and related issues of the cantilever based bio-sensor
are discussed. Coventorware simulation is carried out to analyze the device behavior. A fully integrated control circuit has been
designed to solve manufacturing challenge which will take care of positioning of the cantilever instead of creating nanometer
gap between the electrodes. The control circuit will solve the manufacturing challenge faced by the readout methods where it is
essential to maintain precise gap between the electrodes. The circuit can take care of variation obtained due to fabrication process
and maintain the precise gap between the electrodes by electrostatic actuation. The control circuit consist of analog and digital

modules. The reliability issues of the sensor are also discussed.

1. Introduction

The cantilever-based Bio-MEMS sensor represents one
instance from many competing ideas of biosensor technology
based on Micro-Electro-Mechanical Systems (MEMS). The
advancement of Bio-MEMS from laboratory-scale experi-
ments to applications in the field will require standardization
of their components and manufacturing procedures as well
as frameworks to evaluate their performance [1, 2]. Identi-
fication and quantitative analysis of biological molecules are
critical in disease detection and monitoring, drug discovery,
and many fundamental problems in molecular biology. The
major characteristics of biosensor are that they need to be
very specific; they need to be able to detect a specific molecule
(a specific antibody e.g.) at very low concentration. This
is necessary for two reasons. The response time and cost
of detection are reduced if a smaller sample is needed for
detection, and more importantly, most diseases can be cured
if they are discovered at an early stage [3].

Micro- and Nano-Electro-Mechanical systems (MEMS
and NEMS) are designed mostly for detecting and sensing
specific bimolecular at very low concentration. The sensing
principal varies according to the device, the nature of the

analyte molecules, and the precision required. Micrometer-
sized cantilever devices can be used as very sensitive and
simple biochemical sensors in ambient and aqueous environ-
ments. The cantilever structure has a low flexural resistance
it responds mechanically to changes in the surface stresses on
its surfaces. Even as early as 1909, Stoney observed that the
deposition of a tensile film on another material caused a cur-
vature in the composite structure due to residual stresses in
the deposited film [4]. Cantilever structures are susceptible to
this phenomenon which has been exploited for sensing pur-
poses. Although this process was facilitated by the availability
of refined microcantilever readout schemes and microfab-
ricated microcantilever probe, cantilever transducers for
specific analytical application are still in their infancy due to
the manufacturing issues [5].

The biochemical reaction at the cantilever surface can be
monitored as a bending of the cantilever, due to a change in
the surface stress. For biorecognition, one cantilever surface
is made biosensitive by depositing a sensing layer onto
it. Ethir this layer contains the bioreceptors or the biorecep-
tors are covalently bonded to it. This process is known as
functionalization. The reaction between an analyte and its



bioreceptor molecule is unique. The most common forms
of bioreceptors used in biosensing are based on proteins,
antibody/antigen, or nucleic acid interactions. In particu-
lar, chemical or biological reactions on one surface of a
microcantilever beam were found to change its surface free
energy density or surface tension due to modifications in
interactions between neighboring molecules, which then
produced a bending moment that deflected the cantilever
[6]. Since the cantilever deflection depends on the molecular
species and its concentration, by measuring the cantilever
deflection the attaching species as well as its concentration
can be determined [7].

The deflection of these devices can be detected using
various techniques such as optical reflection, piezoresistive,
interferometric, piezoelectric, capacitive, and electron tun-
nelling. The optical method employing low-power LASER
and position-sensitive photodetector is the major effective
method for detection. Optical detection method required
extra hardware for detection and sensing, hence the size of
the device is larger [8]. Due to its requirement for costly
and highly sophisticated instrumentation and very precise
mechanical alignment, it is not suitable for routine low-cost
disease diagnosis. The capacitive method does not work in
electrolyte solution due to the generation of Faradic current
between the capacitive plates and is therefore limited in
its sensing applications. The interferometric methods work
well for small displacements but are less sensitive in liquids
[9, 10]. The electrical detection method which we developed
described in Section 2 is more suitable for this purpose
since it involved a simpler setup as compared to the former
which involved a LASER detection system. The fabrication
process of the microcantilever-based biosensor is discussed
in Section 3. The device design was done with Coventorware
and presented in Section 4.

The main problem in these detection methods is the mea-
surement of deflection which is in nanometers in response
to biostress. Manufacturing of such cantilever devices now
face the challenge of creating precise gap. The positioning
of the cantilever is controlled by the feedback control
circuit described in Section 5. The control circuitry will
provide the predetermined deflection in the device instead of
creating a gap in nanometers between the electrodes during
fabrication, which is very difficult using conventional etching
process. The control circuit design and its implementation
are discussed in Sections 6 and 7. The reliability issues are
discussed in Section 8 followed by discussions on results and
conclusion.

2. Microcantilever-Based Biosensor

We propose the new design for detection of biomolecules
shown in Figure 1. The cantilever deflection is measured
in terms of current flowing through the electrode. The
cantilever is placed close to a rectangular-shaped electrode.
The cantilever touches the electrode when the surface stress
due to interaction between antibody/antigen exceeds the
particular limits. By measuring the current the amount of
antibody/antigen attached to the cantilever beam surface can
be detected. The current is inversely proportional to the
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F1GURE 1: Microcantilever-based biosensor.

contact resistance. The contact resistance varies with contact
area.

Optimum cantilever size of a length of 100 um, 35 um
wide and 0.5 um thick was designed by optimizing param-
eters such as spring constant, bioinduced stress, and stability
in the flow field. The cantilever structure is designed in
Coventorware shown in Figure 2(a). On the top side of the
cantilever that is, on the sensing side, antibodies are
deposited. Specific biomolecular interactions between anti-
bodies and antigen alter the intermolecular interactions
within the biolinker layer. As a result, the cantilever is bent
as shown in Figure 2(b). The process to fabricate the device
is described in Section 3.

3. Fabrication Process and Related Issues

Proposed device can be fabricated by standard surface micro-
machining process. Fabrication process incorporates four
different photomasking levels as shown in Figure 3. These
steps are combinations of material deposition and etching
techniques used to control the film uniformity, the beam
lengths, thickness, and the final gap between substrate and
structure. The fabrication process begins with the deposition
of an isolation layer on top of the silicon substrate. This
process can also utilize the isolation and metallization layers
available on a CMOS processed wafer. This step is followed
by the deposition and patterning of a doped polysilicon
layer, which will serve as the first or bottom electrode. Next,
sacrificial layer is deposited on top of the polysilicon layer and
patterned; this step is followed by the deposition and pat-
terning of a 0.5 ym thick polysilicon to create the first layer
of the cantilever beam. Polysilicon is used as the structural
material. On top of this layer, 0.3 ym thick gold layer is
sputtered and patterned to form the sensing surface. Metal
is the top layer of the device and can be used as conductive
layer. On this surface, biomolecular interaction takes place
and the binding event is transduced into an electric signal.
The adsorption of biomolecules on the surface of the
microcantilever changes its surface characteristics and results
in its bending. The surface stress is of the order 0.005 N/m—
0.5 N/m, which results in bending of the cantilever to the
tune of a few tens of nanometer. The major issue for the
device fabrication is the creation of the precise gap between
the electrodes of this order. During etching process there
is variation in thickness of about 10%. This will affect the
sensitivity of the device. This problem is common in all the
detection methods reported earlier. To improve the sensitiv-
ity of the device we have designed the feedback control circuit
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FIGURE 2: (a) Cantilever structure designed in coventorware (initial state). (b) Cantilever bending due to biomolecular interactions (final

state).
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FIGURE 3: Fabrication steps of microcantilever-based biosensor.

which will take care of positioning of cantilever for optimized
results. This feedback control circuit will solve the problem of
creating a gap which is in nanometers. We will fabricate the
device having 2 ym gap between the electrodes. Which will
easily created by conventional fabrication process describe
in Figure 3. The device design using above steps is done in
Coventorware. Analysis of the device simulation is carried
and presented in Section 4.

4. Design and Analysis

The cantilever structure is designed and simulation is
carried out using Coventorware software. The corresponding

deflection with respect to stress and voltage is studied. The
cantilever under study is shown in Figure 2. The cantilever is
of polysilicon having dimension 100%35x%0.5 ym. The gold
is used as sensing layer having thickness 0.3 um.

The following steps were employed to design the can-
tilever structure in Coventorware:

(1) defining a process, that is, a series of deposit, etch
steps of different materials on a silicon substrate
specifying an appropriate mask;

(2) designing a mask layout to generate a model;

(3) generating a solid model using the above two steps.
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The solid model so obtained is then appropriately parti-
tioned into meshable and nonmeshable parts. To reduce
the computational load only the active part of the model
(cantilever) is meshed. Boundary conditions (force, voltage)
were applied to the mesh model.

The MemMech and CoSolve module in Coventorware is
used to carry out the simulation.

Surface stress is generated due to interaction of antibod-
ies with antigen which deflects the cantilever. Stress analysis
for the value 0.005 N/m—0.5 N/m is observed and shown in
Figure 4.

In Figure 4 x-axis represent the load varied from 1-100
which corresponds to the stress value 0.005N/m-0.5N/m
with step size 5. The NodeZDisplacement_minimum repre-
sented on the y axis is in micrometer. We propose the use
of electrostatic actuation to achieve the desired gap between
two electrodes. Following analysis is done to understand
the behavior of cantilever with applied voltage. The applied
voltage is varied between 1 volt—10 volt and the correspond-
ing deflection is observed which is shown in Figure 5. The
Minz on y-axis represent the deflection in Figure 5 which is
in micrometer.

This experiment shows that after 9volt the beam and
electrode are in contact. The desired gap between the elec-
trodes can be achieved by electrostatic actuation. The nec-
essary hardware is required to design which will supply the
voltage to achieve the desired gap between the electrodes.

Arntz et al. [11] reported that a maximum surface stress
of 0.05N/m is generated upon injection of 50 ygmL—1(~
2.5 M) myoglobin protein onto the functionalized silicon
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cantilever and produced a maximum deflection of 0.9 ym
at cantilever free end. When the surface stress exceeds the
particular limit the cantilever deflection increases and the
beam and the electrodes are in contact. Contact resistance
decreases with increase in contact area and hence the current
flowing through the electrode increases which is monitored.
This change in current will determine the change in the
surface stress.

We have designed the feedback control circuit which
will create a precise gap between electrodes for accurate
measurements, which is discussed in Section 5.

5. Feedback Control Circuit

In this design the distance between the electrodes is kept as
2 um. The predeflection of the cantilever required to main-
tain the precise gap between the electrodes can be obtained
by applying the voltage between the cantilever surface and
bottom electrode. The positioning of the cantilever is decided
by control circuitry shown in Figure 6. The finite state
machine (FSM) will provide the reference voltage through
DAC 2 to the comparator to achieve the desired gap between
the electrodes. Once the positioning of the cantilever is
decided, FSM will switch to next state indicating the
application of biomolecules on the functionalized cantilever
surface for the biosensor application. The simulation result
of the control circuit is presented in our previous paper
[12].

5.1. Circuit Description. The circuit operates as follows;
initially applied voltage is zero and the cantilever and bottom
electrode are not in contact hence the current through the
cantilever-based sensor is zero. The output of current to volt-
age (I to V') convertor is zero, which gives zero digital output
from analog to digital converter (ADC). Digital output is
applied as input to OR gate. As all the inputs of OR gate are
at logic zero the output of OR gate is zero. This logic state
(Output of OR Gate) is input to the Finite State Machine
(FSM) shown in Figure 7. The FSM has been designed to
provide (increment/decrement) operation of supply voltage
depending on the input logic state, which is “1” when there
is current and “0” when there is no current. Initially there
is no current (State 0); it will increment the counter. This
counter value is then converted into analog voltage by digital-
to-analog converter (DAC1) and applied to the cantilever
sensor. Due to the applied voltage, the cantilever gets
deflected and gap between cantilever and electrode decreases.
Due to this process the voltage across the cantilever increases
till the current starts flowing through the cantilever and the
electrode (State 1).

At certain voltage, the electrostatic forces overcome the
stress forces. The system becomes unstable, and the gap
collapses this voltage decides the level of predeflection. In our
case the predeflection voltage is that applied voltage levels to
the cantilever, if we increment it by one step the gap collapses
and the cantilever and the bottom electrodes are in contact.
The current starts flowing through the cantilever. The equiv-
alent voltage will get generated through I to V convertor
and is converted to digital value through ADC. As there will
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be at least one of the input of OR gate is at logic level “17,
output of OR gate will be “1”.

FSM will get input as logic “1”, and it enters into the
next state; now it will decrement the voltage at the cantilever
through counter and DACI1. The cantilever will regain its
original position; the current will reduce to zero. To avoid
the noise we have to use MSBs of ADC output ignoring 2 or
3 LSBs.

Now, the predeflection reference voltage is decided by
FSM and applied as one of the inputs to the comparator
through DAC2. Second input to the comparator will be the
output of DAC1. Now, FSM gets input as logic “0” and
again it will increase the voltage till we get the equivalent
voltage level of predeflection. Thus the positioning of the
cantilever is achieved. Now we are able to achieve the precise
gap between the cantilever and bottom electrode. With small
applied stress the gap collapse and current start flowing
through the sensor which will be monitored on the display.

FSM will switch to force/stress and will display that
now to apply stress on cantilever beam (function of antigen
attached to the cantilever surface). Due to this stress devel-
oped on cantilever, it starts bending and is in contact with
the bottom electrode. The contact area between cantilever
and electrode increases as stress increases. As the contact area
increased the current increases and this current is monitored.
The value of current is proportional to the amount of antigen
attached to the Cantilever surface.

The system has been implemented by RTL coding in
Verilog for the FSM. The FSM will calculate the prestressing
voltage which may vary because of change in dimensions of
the cantilever. FSM will first increment the voltage till we get
contact between the cantilever and bottom electrode. Once
this voltage is known it will store that value, which may
be different for different dimensions of the cantilever. Thus
the effect of uncertainty in dimensions on the prestressing
voltage can be handled by the FSM in the control circuit.

6. Details of Implementation

For the design of cantilever, parameters reported by Arntz
et al. [11] were used as a reference. A maximum sur-
face stress of 0.05N/m is generated upon injection of
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50 ugmL—1(~2.5 yuM) myoglobin protein onto the function-
alized cantilever [11].

In our design initial gap between the electrode and
cantilever is 2 um. Initially cantilever is not in contact with
bottom electrode, value of the current is zero (state 0) and
FSM starts incrementing the voltage across the cantilever.
When the output of DACI is 9 volt the cantilever and bottom
electrode are in contact with the current that started flowing
(State 1). The required predeflection value is 8 volt where the
cantilever is not in contact with electrode. Due to positioning
of the cantilever by electrostatic actuation (in this case it
is 8volt which is determined by FSM), even though the
stress developed on the cantilever surface is very small (of
the order of 0.05N/m) the current will flow through the
cantilever as it is in contact with bottom electrode. If the
stress value increase further the magnitude of current will

further increase which is proportional to the amount of
antigen attached to the beam surface. If we calibrate the
device the output current of the biosensor will detect the
amount of antigen attached to the functionalised cantilever
surface. The current across sensor increases with increase in
concentration of biomolecules which is to be monitored on
the display.

7. Result and Experimental Validation Using
Test Circuit

The feedback control circuit consists of analog and digital
modules. A digital circuit is implemented using FPGA
platform and analog circuit implemented on PCB. We
have interfaced both analog and digital systems shown in
Figure 8. We have used 9volt relay in the test circuit for
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the representation of cantilever sensor. (In Coventorware
analysis, the cantilever beam touches the electrode at the
9volt and current flows through it.)

FiGure 10: (a) Analog modules developed on PCB. (b) Analog modules developed on PCB.

7.1. Digital Module on FPGA. Figure 9 shows the state dia-
gram for FSM which consists of 4 steps to carry out incre-

menting and decrementing voltage across cantilever beam.



The code for the design is written in Verilog language and
the synthesis results are verified using Xilinx ISE 9.2i.

7.2. Analog Module on PCB. The circuit diagram for the
analog module is shown in Figures 10(a) and 10(b). The cir-
cuit is implemented on PCB and interfaced with SPARTAN-
II FPGA Kit on which digital module is implemented. The
results are verified using the test circuit.

8. Reliability Issues of the Cantilever-
Based Sensor

In this work the electrostatic actuation is used to achieve
the desired gap between the electrodes in the cantilever-
based sensor. Coventorware simulation results shown in
Figure 5 indicates, that above 9 volt the contact is achieved,
the contact area is around 816.67 um?, and the contact
resistance is 3.33 Q. Above 9 volt current is around 3Amp and
flows through the cantilever which is sufficient to damage
the poly-to-poly-contact due to electro-thermo-mechanical
(ETM) effects due to Joule heat generated at the contact
areas. This heat is due to the current through the electrodes,
characteristics of the contact interfaces, and other physical
parameters of electrodes. It significantly raises temperature
of the contacts, thus affecting the mechanical and electrical
properties of the contacts, which may lead to welding or
melting causing a major reliability issue. It is necessary to
study the ETM effects to minimize the Joule heat effects
on the contact areas, thus improving performance of the
sensor [13, 14]. One of the ways to reduce Joule heat is by
limiting the current through the cantilever. In order to do
so, the design of the sensor should be optimized. In order to
minimize the current through the contact interface, a resistor
can be placed in series with the supply voltage thus reducing
the current flowing through the contacts.

Fusing currents of different kinds of wire were investi-
gated by W. H. Preece [13, 15], who developed the formula

I= a*d3/2, (1)

where I is fusing current in amperes, d is diameter of the wire
in inches, and a is a material-dependent constant.

The fusing current calculated with this model, for the
polysilicon contacts in our design, is around 3.3 mA. The
current-limiting resistor of 10KQ is added in series with
the supply voltage for limiting the current to protect the
cantilever. The maximum 1.5mA current will pass through
the contacts, which is below the fusing current limit.

The insertion of a limiting resistor will avoid the damage
of the cantilever. However, this resistor will reduce the
sensitivity of sensor substantially. With the proposed values
(3.3 Q contact resistance and 10 kQ limiting resistor), a huge
variation of the contact area (and thus contact resistance)
induced by the stress (say from 3.3 Q to 1.5Q) only results
in a 1.5/10003.3 or 150 ppm relative variation of the mea-
surement current, thus making an accurate measurement of
the analyte extremely challenging. Although with available
opamps/instruments it is possible to measure current with
1 ppm resolution and below [16]. To improve the sensitivity
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of the device, the different circuit-topology-like current fold-
back technique, differential current measurements may be
used which will protect the cantilever without compromising
for the sensitivity. These methods are under investigation.

9. Conclusion

In the literature most of the microcantilevers are being
proposed for disease detection such as cancer and heart
infraction. Most of the designs rely on optical readout
method which is bit complex and difficult to fabricate. We
have designed simpler device, which gives electrical signal in
terms of current and can be measured easily. New readout
method is designed. The Coventorware simulation results
are presented and analysed. A fully integrated control circuit
for microcantilever-based biosensor has been designed to
solve manufacturing challenge which is common in all
readout methods. The feedback control circuit is design
which is composed of analog and digital modules. Finite state
machine is designed to provide increment and decrement
operation of the control voltage across cantilever depending
on the input logic state. Predeflection voltage level is decided
by FSM which will take care of variation obtained due to
fabrication process. The effect of dimensional uncertainty
on the prestressing voltage can be handled by the FSM in
the control circuit. The results are experimentally validated
using the test circuit and SPARTAN-II FPGA Kit. The precise
gap between electrodes is adjusted by electrostatic actuation.
In the polysilicon cantilever due to the joules heating effect
cantilever may get damage with high-voltage application. To
protect the cantilever from the damage, the current-limiting
resistor is connected in series with the control voltage which
may reduce the sensitivity. The measurements could be
improved by using the precise current to voltage convertor
or other topology.
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