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Abstract

Advances in the field of Micro Electro Mechanical Systems (MEMS) and their uses now offer unique
opportunities in the design of ultrasensitive analytical tools. The analytical community continues to
search for cost-effective, reliable, and even portable analytical techniques that can give reliable and
fast response results for a variety of chemicals and biomolecules. Microcantilevers (MCLS) have
emerged as a unique platform for label-free biosensor or bioassay. Several electronic designs,
including piezoresistive, piezoelectric, and capacitive approaches, have been applied to measure the
bending or frequency change of the MCLs upon exposure to chemicals. This review summarizes
mechanical, fabrication, and electronics approaches to increase the sensitivity of microcantilever
(MCL) sensors.

1. Introduction

Micro Electro Mechanical Systems (MEMS) have shown tremendous growth recently. MEMS
devices now offer unique opportunities in the design of ultrasensitive analytical methods. In
1994, it was realized that microcantilevers (MCLs) can be made extremely sensitive to
chemical and physical changes. To date, physical sensing has been demonstrated by detecting
thermal energy, strain, magnetic field, electric charge, viscosity, density, and infrared radiation.
Extremely sensitive chemical vapor sensors based on MCLs have been demonstrated using
selective coatings on the cantilevers. MCLs are a sort of transducers which convert physical
quantity like force, strain, stress, etc. into measurable quantity such as voltage or current. MCLs
are typically made in the form of rectangular or V shaped planks. An Electron micrograph of
a microcantilever (MCL) array is shown in Figure 1.

MCLs act as a sensing platform when they are coated with a molecular recognition thin film.
Absorption or adsorption of corresponding chemicals in or on the coated film results in the
frequency change or bending of the MCL.

Resonant frequency
The resonant frequency, f, of an oscillating MCL can be expressed as
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Where K is the spring constant of the lever and m* is the effective mass of the MCL. The
effective mass can be related to the mass of the beam, my, through the relation: m*=nmy, where
n is a geometric parameter. It is clear that the resonant frequency can change due to changes
in mass and spring constant. Resonance frequency of a MCL (dynamic mode) can be used to
detect chemical species in air. However, the oscillation of the cantilever is significantly
dampened in an aqueous solution, which reduces the quality factor and subsequent detection
sensitivity of MCLs in aqueous solutions. It should be noted that recent results showed that
the second resonance frequency of MCLSs remains sharp in aqueous solutions [4] and can be
used for detecting biomolecules.

MCL bending

One of the unique characteristics of MCL is that the device can be made to undergo bending
due to molecular adsorption by confining the adsorption to one side of the cantilever. This
bending is due to the adsorption-induced differential stress or film volume change on the
cantilever (static mode).

For the surface stress induced MCL bending, from molecular point of view, the binding results
in electrostatic repulsion or attraction, intermolecular interactions, or a combination of these
that alter the surface stresses on the cantilever. Using Stoney’s formula [7], the bending
deflection of the cantilever due to adsorption can be written as:
3(1 —v)L?
AZ= (&) 5s.

ET> (2)

where AZ is the observed deflection at the end of the cantilever, v and E are Poisson’s ratio
(0.2152) and Young’s modulus (70 GPa for SiO,, 156 GPa for silicon, 300 GPa for SigN,) for
the substrate, respectively, T is the thickness of the cantilever, L is the length of the MCL, and
ds is the differential stress on the MCL.

Both frequency and bending approaches have been demonstrated to detect chemicals with
sensitivity as high as parts-per-trillion, and each approach has its own advantages and
disadvantages which can be used for specific applications. For instance, resonance frequency
of MCLs has been used to detect very low level pathogens [4,5]; also the bending approach
showed special selectivity towards some chemicals because of its unique mechanism [6]. MCL
sensors hold a position as a cost-effective, sensitive sensor platform for environmental,
biomedical, homeland security, and industrial applications. Compared to existing technologies
for pathogen detection, the MCL sensor technology has three key advantages:

e Low Cost — Electronics for operation and control are relatively simple and
inexpensive.

»  Low-power Consumption— For static mode, since the cantilever’s bending signal is
driven by molecular recognition, the only power needed is for detection and display,
allowing use of light-weight battery power or photovoltaic cells.

*  Small Size — The entire sensor could fit in an area with its sides less than a few
millimeters.

The device can be readily integrated into a robot system without much increase of weight in
order to protect the operator and to guarantee uniform detection strategies.

Other than those, MCL arrays could be used to simultaneously detect and identify various
chemicals on a single chip; the analysis time is relatively shorter because the assay does not
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require extensive sample preparation or signal amplification; it could be used for in-situ
detection.

By monitoring changes in bending response or frequency change of a cantilever, mass change
and surface stress changes induced by adsorption or molecular recognition can be recorded
precisely and accurately. Optical, piezoresistive, piezoelectric, and capacitive methods have
been used for the detection of cantilever’s deflection (Figure 2).

Each sensing mechanism has its own advantages and drawbacks. Optical method is sensitive
and can measure deflection as small as 1 nm. However, the optical system is complicated and
not user friendly compared to the other methods. The sensing systems based on piezoresistive,
piezoelectric, and capacitive methods are much simpler and hold the potential for implantable
biosensing applications. These methods do not require complex adjustment and alignment
systems as needed in optical readout scheme [7-9], and they could readily be integrated with
electrical circuit [10].

However, the sensitivity of these methods is generally lower than that of the optical method.
Research is underway to either improve these approaches or develop new approaches for
cantilever based sensing. This review summarizes recent developments in improving the
sensitivity of MCL sensors based on the piezoresistive, piezoelectric, and capacitive
approaches.

2. Piezoresistive Readout Scheme

The piezoresistive phenomenon is the change in resistivity of a material when subjected to
stress. The piezoresistivity of a material depends on its type; the change in its geometry upon
application of stress over it. Piezoresistive approach is one of the most widely applied
techniques for measuring stress applied on a MCL. The advantage of this technique is that the
electrical output can be readily measured and MCL can be integrated on integrated circuit (IC)

[1].

In a piezoresistive MCL the relationship between the stress and the change in resistance is
shown as the following equation:

— =m0 +7T0
R tYt (3)

Where, ‘R’ is initial piezoresistance, ‘AR’ is change in resistance; =, m; are longitudinal and
transverse piezoresistive coefficients, respectively; o), o are lateral and transverse stress,
respectively.

The change in the resistivity is typically measured by using a Wheatstone bridge as shown in
Figure 3. A Wheatstone bridge is made up of four piezoresistors: Ry, Ry, Rz, and R4. One of
these resistors is replaced by MCL. The differential voltage (Vq) from the Wheatstone bridge
is proportional to the change in the resistivity of the MCL [1].

The output voltage from the Wheatstone bridge is given as in Equation 1.

()%
R\ 4 (4)
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Where Vi, is applied input voltage. So the output voltage is directly related to the change in
the resistance AR with respect to the initial resistance R.

The first piezoresistive MCL showed the resistivity change (AR/R) of 1.2x10~7 when subjected
to 1 A deflection [27]. Since then, a variety of strategies have been applied to increase the
sensitivity. It should be noted that this MCL was not originally designed for sensors, but for
atomic force microscopy.

2.1 Geometry optimization

The dimensions of the MCL and the piezoresistor play a critical role in the sensitivity of MCL
sensors. By using Finite Element Method (FEM) analysis, Chivukula et al. have shown that
optimizing the device dimensions is useful to a greater extent in increasing the sensitivity of
the device [6]. FEM analysis was done to investigate the optimized device dimensions by
varying the MCL and piezoresistor geometries and the doping concentration of the
piezoresistive device. The simulation results showed that both cantilever deflection
displacement and the AR/R change increase with the decrease in the thickness of piezoresistors;
the highest sensitivity can be obtained when the piezoresistor’s length is approximately 2/5t
of the SiO, MCL’s length (Figure 4); an increase of both Si and the leg width result in a decrease
in MCL’s deflection and its sensitivity; the sensitivity of the cantilevers with lower doping
concentrations is more significant than those with higher doping concentrations. Temperature
control is critical for thin piezoresistor in lowering the S/N ratio and increasing the sensitivity.

2.2 Material Selection

Most of the cantilevers are made of silicon or silicon nitride (Si3N4) materials. Li et al. showed
that piezoresistive MCLs made of silicon dioxide were more sensitive than the silicon-based
MCLs due to lower Young’s modulus of SiO, (57-70 GPa) when compared to that of Si (170
GPa) and Si3Ny4 (290-380 GPa). The embedded piezoresistor is made up of single crystal
silicon and is fully insulated by SiO,.This makes the sensor have lower electric noise as it is
isolated from the surrounding environment [3].

2.3 Stress Concentration Method

Concentrating the stress to a designated area is another approach to enhance the sensitivity.
Yu et al. reported a method to concentrate the stress by introducing holes in the MCLs. These
holes cause the stress to be concentrated in its vicinity. The size of the holes is 10 yum x 5 pm
[1]. The results showed the MCLs with holes were 1.3 times more sensitive than those without
holes in response to the same MCL deflection (Figure 6 and 7). This increase in the surface
stress is attributed to the discontinuity of the MCL structure due to the holes.

Decreasing the thickness of the cantilevers is a common strategy to increase the sensitivity.
However, thin MCLs are more fragile and harder to handle than the thicker ones. Naeli et al.
came up with another stress-concentrating design that made it possible to achieve both high
sensitivity and toughness. In this design, they separated the stress in the piezoresistors from
the stress on the beam structure. In fabrication, the piezoresistive strings were realized on the
wafer surface with a cavity underneath. Two thin piezoresistive clamped silicon beams were
released on the surface of the cantilever. The new piezoresistive design showed an increase in
the relative resistance change by a factor of 5.2 as shown in Figure 8, compared to a cantilever
with the same thickness and conventional piezoresistor design. [2].

2.4 Integration with piezoactuators

Piezoresistive cantilever can also detect mass change by integration with piezoactuators. Sone
et al. introduced a MCL device that consists of a piezoresistive design, a Wheatstone bridge
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circuit, a positive feedback controller, an exciting piezoactuator, and a phase-locked loop (PLL)
demodulator which is shown in Figure 9. In the design, R1 represents the piezoresistive
cantilevers in the Wheatstone bridge. The oscillator includes a positive feedback system, a
preamplifier, and a piezoactuator driver. The phase locked loop circuit is used for demodulating
the frequency signals from the circuit. Results showed that a mass sensitivity of 190 fg/Hz and
a mass resolution of about 500 fg were obtained in water. The mass sensitivity is 100 times
greater than that of a quartz crystal oscillation system [4].

2.5 Minimizing the thermal effect

One concern in the field of piezoresistive cantilever sensors is that the sensor performance is
readily influenced by the thermal stress during operation. Yang et al. developed a double-MCL
design to overcome the thermal stress effect which improves the sensitivity as shown in Figure
10 [5]. The double MCL is composed of a top immobilized MCL and a bottom sensing MCL.
These two cantilevers are connected in a way that the biaxial surface stress in the former can
be converted to uniaxial strain in the latter. The sensitivity of the double cantilever could be
increased by increasing the length ratio or by decreasing the thickness ratio of the two MCLs
(Figure 11). More than two orders of sensitivity enhancement have been achieved and the
induced thermal effects are minimized.

3. Capacitive readout scheme

A capacitive readout scheme consists of a microcantilever over an electrode which is ground
biased as shown in Figure 12. In a capacitive sensing scheme, an AC voltage of frequency
higher than that of the mechanical bandwidth of the cantilever is applied. The output current
measured with respect to the applied voltage gives the capacitance value which is a measure
of the displacement of the cantilever.

The capacitive current at the output due to the cantilever displacement is given as [11]:

Oc(t)

1o=Zc.vy=c, W,y
"()_61( =6y be gt 5)

ot

where ‘C’ is the capacitance between the cantilever beam and the driver.

This capacitance consists of static component Cp, and a component c(t) which represents the
capacitance because of the displacement of the cantilever.

0V~\('
The first term in the above equation, (CP ot ) indicates the parasitic current, and the second

dc(t)
term, ( DCT by ) indicates the current due to the oscillation of the cantilever [11].

The main advantages of capacitive microsensors are low-power high sensitivity, simple
structures, low temperature sensitivity and low cost integration of the read out to the portable
systems. It outdraws peizoresistive systems because of its low power consumption [27].

3.1 Elimination of the parasitic effect

Electrostatic transduction in the nanometer-size regime requires the minimization of the
parasitic capacitance [11] to increase the sensitivity. CMOS circuitry for excitation and read-
out of the cantilever deflection as shown in Figure 13 has been used to eliminate the parasitic
capacitance induced by the external bonding pads and wires [9,11,12]. This CMQS circuitry
is integrated with the cantilever by using a monolithic technology that consists of the
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combination of standards CMOS processes and nanofabrication methods. The integrated
system demonstrated a high sensitivity and a high spatial resolution (on the order of 10718 g
and 300 nm, respectively) and also introduces less noise compared to resistive and
transimpedance methods. Furthermore, by reducing the size of cantilever to nanometer scale,
the Q-factor has dramatically increased from 50 to 100 (in air) from 20-30,000 (in vacuum),
and reduced the parasitic capacitance to 3 fF [11].

It is shown from the Equation 6, that the sensitivity of the capacitive cantilever sensor improves
as the parasitic capacitance is decreased [11].

I Cp

— ~

C,
= Vaet039—2— LAy, 4V,

WCpa  CptCpa Cp+Cpa S0 ©

where V|, — parasitic voltage,Vq — DC voltage, Vg — resulting voltage. This system has shown
a reduction in parasitic capacitance to approximately 3fF, which is sufficiently low for the
capacitive readout system to function.

In order to achieve higher sensitivity, S.Ghatnekar-Nilsson et al. researched on fabrication,
development of nano-mechanical resonator, and integration systems. The fabrication technique
employed here is based on Electron Beam Lithography (EBL), as shown in Figure 14, which
is followed by several etching steps. The advantage of driving EBL using low acceleration
voltage is that the devices with dimensions less than 50 nm can be easily patterned by this
technique, resulting in high sensitivity, low energy consumption, short response times, and
minimizing the irradiation damage on CMOS chips [12].

The poly-Si thickness is roughly 600nm and underneath SiO5 is 1um layer. As it was found
out that some nano areas have insufficient patterns at the edges when a 3kV electron beam is
applied, a newly developed method, Direct Write Laser Lithography (DWL) is applied after
the EBL exposure, where the patterns are insufficient. The inherent resonant frequency when
a0V DCisappliedisfoundtobe 1.49MHz and whena 7V DC is applied, the resonant frequency
was found to be 1.48MHz. This decrease in frequency with an increase in DC voltage was
because of the electrostatic spring softening of the system. The increased mass sensitivity of
this system is estimated to be 17 Ag® Hz 1 [12].

3.2 CMOS cantilevers sensing in femtogram range

For sensing of the small interaction force between a tip and a surface and small mass loading,
resonating cantilevers are used in atomic force microscopy and biochemical sensors. Ying-
Chung Li et al. proposed a design, fabrication method, and characterization of the CMOS
micromachined cantilevers for mass sensing in femtogram range. Here the cantilever is
actuated to resonance by in-plane electrodes, as shown in Figure 16, whose resonant frequency
is detected capacitively with on-chip circuitry.

In order to avoid capacitance fed through the driving electrode, single modulation is applied,
and this modulated signal is demodulated to the base band and low-pass filtered to remove the
undesirable harmonics at high frequencies. The sensitivity is measured by the Equation 7.

am__k
af 2m2f? M

where the spring constant is expressed as
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The resonant frequencies of these electrostatically driven cantilevers are usually in the order
of few hundred kHz for sensitivity enhancement. For a cantilever beam of 3um wide and 75um
long, the sensitivity is found to be 3.9 fg Hz 1. Further improvement in the sensitivity is done
by reducing the cantilever dimensions in order to increase the resonant frequency.

3.3 Techniques to improve sensitivity of humidity sensors

Presence of humidity causes, bending of microcantilever which results in capacitance change
between microcantilever and the substrate. Chia-Yen Lee proved that higher sensitivity can be
achieved with lower stiffness microcantilever and larger electrode area. In order to increase
the sensitivity of the cantilever the beam stiffness should be decreased and the shape of the
beam should be optimized. This work shows the sensitivity comparison of three cantilever
structures: single, double, and microbridge as shown in Figure 17.

The sensors were fabricated by applying a new fabrication approach where the silicon
microstructures were suspended above a glass substrate. The humidity sensor cantilever
fabricated, has a square shaped beam at the end which also has a temperature sensor in it. The
thickness of the beam fabricated is measured to be 20 um. Then it is spin coated with a polymide
layer, which acts as a sensing layer.

The three sensors were tested in a closed chamber with humidity level ranging from 45 % RH
to 95 %RH. They compared the study between single, double and micro-bridge cantilever with
the same beam dimensions of 2860um x 400pum x 20pm.

Itis seen from Figure 18 that the sensitivity of single cantilever is highest and is directly related
to the increase of temperature. The dependence of the sensitivity of single cantilever on the
temperature is given by Equation 9.

§=0.0016T7 — 0.0557T+2.3729 (9)

The results even showed a correlation between the experimental and the simulated results. This
sensor has also showed low hysteresis and higher stability.

3.4 Fabrication techniques to improve sensitivity

Fabrication of cantilevers plays an important role in increasing the sensitivity of capacitive
cantilevers. Chatzandroulis. S et al. developed a fabrication process to enhance the sensitivity
of the humidity sensors. For this Si microstructures are suspended at a small distance over the
silicon substrate and are released at the final stage by dry etching. This process helps in avoiding
stiction of the cantilever with the below laying substrate which is a most evident problem in
capacitive cantilever sensors. Figure 19 shows the fabrication steps involved in the fabrication
of cantilever sensor.

Testing of the above fabricated humidity sensors is done in a closed chamber. From the Figure
20 it is seen that sensitivity increases sharply at higher humidity levels, due to the dielectric
constant reaching a value of 6 fF/% RH at 95% RH. Sensitivity as low as 1fF/%RH is achieved
through this approach.
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4. Piezoelectric Readout Technique

Another recently booming technique to measure the cantilever’s deflection or its resonant
frequency is the piezoelectric readout mechanism. The piezoelectric cantilevers consumes
power as less as 25% as that of the optical and the piezoresistive sensing element and has
sensitivity on par with optical and piezoresistive method [18] making them the most reliable
and cost-effective sensors. Piezoelectricity is the property of a material in which a potential is
developed across a material when it is subjected to strain; also referred to as direct piezoelectric
effect and conversely it undergoes physical strain when a potential is applied to it; commonly
referred as indirect piezoelectric effect [16]. Hence a piezoelectric microcantilever can be used
for actuation as well as sensing. Piezoelectric force sensor sensitivity is 0.44fC n/m which is
three times that of a ZnO force sensor, making its application in scanning force microscope
for its higher force sensitivity [26].

There is a choice of wide variety of piezoelectric materials for fabricating microcantilevers.
The most commonly used materials for fabricating MCL sensors are ZnO and Lead Zirconium
Titanate (LZT) [14-17]. These materials are usually deposited at the fixed ends of MCL as
shown in Figure 21. The deposition of the piezoelectric films onto the cantilever is carried out
by several methods which include metal organic chemical vapor deposition MOCVD [19],
hydrothermal method [20], sputtering [21], pulsed laser deposition [22], and Sol-gel method
[23]. Among all these methods sol-gel deposition method is considered to be the most cost
effective and convenient method. This is because of the formation of highly homogenous
piezoelectric layer and its composition can be readily controlled. The orientation of these layers
also plays a pivotal role in determining its sensitivity. A piezoelectric layer with an orientation
of <100> is used because its piezoelectric constant is 1.7 times of that of <111> orientation.
Higher piezoelectric constant normally results in higher sensitivity [24]. Other than the
orientation, the thickness of the film, mechanical, and thermal stress at the film’s interface, the
roughness of the surface also plays a major role in determining the piezoelectric constant
[25].

The factors that determine the sensitivity of the piezoelectric microcantilever are discussed
below.

4.1 Optimized cantilever geometry

The piezoelectric cantilever dimensions play a crucial role in determining the piezoelectric
constant and resonance frequency which in turn determines the sensitivity of the cantilever. Yi
et al investigated the effect of piezoelectric cantilever’s length, width and resonance mode on
its sensitivity by determining the resonant frequency shift per mass change (Af/Am). The tip
of the piezoelectric unimorph cantilever (made up of PZT and stainless steel layer) was loaded
with point mass. The resulting resonance frequency change was determined and compared
experimentally and theoretically.

As we can observe from the Figure. 22, Af/Am is larger when the cantilever dimensions are
smaller. The influence of the cantilever’s dimensions and the material’s property on the
resonance frequency shift, Af, with respect to the loaded mass, Am is given by Equation 10
[16]:

Afy/Am= — (v, /4m)(1/L*w) (1 /0.236 \125) E/p (10)

As it can be seen Af/Am is directly proportional to Eigen value v2, and inversely proportional
to length, ‘L’, and width, ‘w’. £ is the effective Young’s modulus and p is the effective density
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of the unimorph cantilever. So, by keeping the thickness of the cantilever, Young’s modulus
and density constant and decreasing the cantilever length and width by a factor of ‘a’, Af/Am
can be increased by a factor of * o 4’[16].

From the Figure 23 it can be seen that for the same width of the MCL the resonance frequency
shift increases as the cantilever length increases. This is proved both theoretically (solid lines)
and experimentally (symbols) by their closer correlation. Effect of the width on the frequency
shift was also analyzed by keeping the length of the cantilever constant (1.05 cm) and by
varying the cantilever’s width.

As seen from the Figure 24, the frequency shift is larger when the cantilever dimensions are
smaller. This is proved both theoretically (solid lines) and experimentally (symbols). The
influence of the resonance mode of the cantilever on its sensitivity was also determined by
taking cantilevers of length 1.03cm and width 0.4cm. Figure 25 shows that the frequency shift
is larger for a mode 2 operating cantilever than the mode 1 with respect to change in mass. The
experimental data (symbols) match well with that of the theoretical data (solid lines). Hence,
the functioning of piezoelectric cantilever depends a lot on the dimensions and the mode of
working.

4.2 Substrate effect on Sensitivity

Another factor influencing the sensitivity of the piezoelectric cantilever is the material that is
used as the substrate on which piezoelectric layer is deposited. Zhan jie Wang et al.
experimented to show the optimum material as a substrate for a piezoelectric MEMS device.
Lead zirconate titanate (PZT) thin films were fabricated and coated with Pt/Ti/SiO5 and Ir/
IrO4/SiO4/Si substrate. As mentioned earlier, material with <100> orientation tends to have
higher piezoelectric constant [17]. Their investigation on the crystalline orientation using the
X-ray diffractometer (XRD) showed that PZT film fabricated on Pt/Ti substrate has a highly
preferred orientation in the direction of <100> and showed no preferred orientation with Ir/
IrO, substrate. This is because Ir undergoes oxidation during annealing and the PZT layer
deposition on the randomly oriented IrO- layer does not produce <100> orientation. Hence,
the PZT deposited on Pt/Ti substrate has a higher piezoelectric constant. By this, they have
proved that the substrate plays a major role in the surface morphology which is important for
a smooth and uniform surface. As shown in the Figure. 26, PZT layer on Pt/Ti surface was
much smoother and uniform than the PZT layer on Ir/IrO,.

On observation it was found that the PZT film was crystallized with columnar grains in the
case of Pt/Ti substrate and without columnar grains in the case of Ir/IrO,. This implies that the
substrate influences the nucleation of the PZT films [17] as well. To further investigate this,
TEM image of the cross section of PZT/Pt/Ti/SiO2 and PZT/Ir/IrO2/SiO, was taken as shown
in Figure 27.

They have analyzed by the X-ray spectroscopy that the SiO, region is filled with Pb. This
shows that the Pb is diffused into the SiO5 layer. This proves that Pb is not an efficient diffusion
barrier. It is observed that Pt/Ti interface is non uniform whereas PZT/Pt interface is smooth
and uniform. We can also observe that 1rO, /SiO» interface is clear and uniform acting as a
good barrier to Pb. This is because of the intermediate layer present at the PZT/Ir interface.
Hence, we can summarize that Pt/Ti has the preferred orientation but poor barrier effect.
IrO, has a very good barrier effect but poor orientation property. So, Pt/IrO2 is believed to be
the suitable substrate for the fabrication of PZT films in order to achieve higher piezoelectric
constant and less defective microstructures.
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4.3 Improving sensitivity by polling

One more drawback in most of the piezoelectric MCL sensor is that it consists of two separate
electrodes, of which one is used for sensing and the other is used for actuation. Weijie Dong
et al developed a new PZT piezoelectric MCL device which has two separated electrodes on
the top which could be used both for sensing as well as actuation [18]. They showed the
influence of the electrode’s length over the sensitivity. They have fabricated an array of three
PZT piezoelectric MCLs in which each cantilever consists of an electrode on its surface which
in turn is segmented in to two electrodes.

They showed that the length of each segmented electrode plays a major role in determining
the sensitivity of the cantilever. As shown in Figure 29, the left segment showed higher
sensitivity compared to the right segment since it is longer than the right. They suggested that
the length of the left segment should be two times of the right segment for smaller actuation
force and higher sensitivity [18].

They also proposed a new fabrication technique wherein the PZT layer is subjected to poling.
The PZT layer is polarized at 100°C with an electric field of 125kV/cm for 1 hour [10]. By
this they have increased the sensitivity by two times. Before poling, the cantilever sensibility
was 1.61 pC /um which upon poling rose to 3.25 pC /um. This increase in the sensitivity is
attributed to the increase in the piezoelectric constant of the PZT layer upon poling. Hence
poling is proved to be an efficient process for improving the PZTs piezoelectric property and
thereby the sensitivity of the MCL.

4.4 Optimized positioning of piezoelectric layer

Liqun du et al fabricated a piezoelectric MCL which was applied in touch sensors [19]. Figure
31 shows the sensor unit. The top and bottom layer of the MCL was made of PZT layer which
was synthesized by hydrothermal method. These two layers were placed on titanium substrate.
The top layer acts as actuation layer and the bottom one acts as sensing layer.

This work showed that the location of the actuation and sensing layer also plays a major role
in improving the sensitivity of the cantilever. It was proved that the sensitivity of the cantilever
is maximum when the two ends of the actuation and sensing layer were placed at the points
where the strain is zero.

In Figure 32, ‘L’ indicates the length of the cantilever, ‘L’ represents the length of the sensing
and actuation layer, and ‘a’ represents the length between the fixed end of the cantilever and
the left edge of the actuation /sensing layer.

As seen from the Figure 33 (), the output voltage is large for mode 3. Taking the mode 3 into
account it is seen that when the sensing/actuation layers are placed with a/L ratio of 0.5 the
output voltage is maximum i.e. the layer is placed such that the free ends are at the points where
the strain is zero and the centre lies at the point where the strain is maximum [19].

4.5 Controlling crystallographic orientation

The electrical properties of the piezoelectric material depend majorly on the crystallographic
orientation of the piezoelectric material [23]. Some of the traditionally followed methods for
improving the crystallographic orientation of PZT (Lead Zirconium Titanate) films are
controlled deposition temperature, orientation of Pt substrate and seed layer under the PZT
film. The piezoelectric constant of the PZT film increases with the thickness of the PZT layer
but may result in cracks after reaching certain limit which is due to the residual stress developed.
The cracks formed may decrease the quality of the cantilever and can also result in lower
sensitivity. Mengwei liu et al developed a novel method to control the crystallographic
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orientation of the PZT layer by modifying the process of coating the layers. They tried
depositing the PZT layer on the cantilever by five-coating-layer-annealed method and one-
coating-layer-annealed method. They observed that as the number of coating layers were
increasing voids and hillocks were formed and hence suggested one-layer-coating-annealed
sol-gel process for minimizing cracks.

As seen from the Figure. 34, surface undergoing three annealing process has shown lesser
cracks compared with the one undergoing four annealing process. This is because the sol-gel
process used for fabricating PZT films involves a number of heating treatments which result
in crack formation on the layer. Annealing may also result in stress effects on the PZT layer;
changing the crystalline structure may also result in the diffusion of PZT into the underlying
substrate. All these factors results in undesired functioning of the cantilever sensor and can
adversely affect the cantilever’s sensitivity [23].

Jin Xie et al. also came up with a novel fabrication idea for overcoming the cracking problem
on the PZT layer. In the conventional sol-gel process the PZT films are patterned after the
completion of the annealing process. In the proposed process, patterning is done before each
post-annealing process. Due to this technique unwanted PZT film is etched out before each
annealing step. This can be clearly seen in the Figure 35 where the PZT surfaces fabricated by
the conventional method and the modified process are compared.

This shows that the modified cantilever fabrication process yields MCL sensors with a high
sensitivity by minimizing the cracks.

Conclusion

This study focuses on enhancing the sensitivity of a microcantilever sensor operating on
piezoresistive, capacitive, and piezoelectric principles by optimizing its dimensions, choosing
proper material, and adopting novel fabrication techniques. It is seen that these factors play a
significant role in the cantilever sensitivity. Novel designs and fabrications techniques to
increase the piezoresistive cantilever sensitivity have been discussed. It is shown that the
sensitivity of the cantilevers working on capacitive effect can be improved by minimizing the
parasitic effects by CMOS integration. Fabrication approaches which could make the
capacitive cantilever sensor to sense up to femtogram range have also been focused. For the
piezoelectric MCL sensors we have shown that the sensitivity depends on the dimensions of
the device, the substrate on which they are fabricated. The fabrication approaches such as
polling, crystallographic orientation of the films, one-coating-annealing-sol-gel-process, and
patterning of the device after each annealing process and proper positioning of the piezoelectric
material. These factors are taken into consideration in order to increase the piezoelectric
constants of the MCLs and avoiding cracking problems as these affects the sensitivity to a
greater extent.
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Figure 1.
Electron micrographs of a MCL array.

Acta Mech Sin. Author manuscript; available in PMC 2010 October 20.

Page 14



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mutyala et al.

Page 15

Figure 2.

Iustration of four methods for detecting cantilever motion with sub-nanometer precision —
(Left) Laser-beam deflection method; (middle) Piezoresistive and piezoelectric method; and
(Right) Capacitive method.
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Figure 3.
A Wheatstone bridge scheme
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Figure 4.
Change is the resistance of the piezoresistor vs. the thickness and length of the piezoresistor
when a 2 N/m surface stress is applied on the surface of a SiO, cantilever.
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Figure 5.
Schematic of a piezoresistive SiO, MCL.
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cantilevers

piezoresistors

Figure 6.
The layout of a Wheatstone bridge design of piezoresistive MCLs with stress concentrating
holes.
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Figure 7.
Stress distribution vs. vertical displacements of MCLs with and without holes.
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Figure 8.
Left: Comparison between conventional and stress-concentrating MCLs. Right: SEM images
of stress-concentrating beams isolated from MCL base.
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SEM image of cantilever beam with
stress concentrating piezoresistor
design
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Figure 9.
A harmonic vibration mass biosensor system based on MCLs [4].
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Figure 10.
(a) Conventional cantilever system with only one cantilever (b) double cantilever design with
one cantilever on the top and another at the bottom [5].
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Surface stress sensitivity of double and single cantilever systems with respect to the length

ratio [5].
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Figure 12.
Basic schematic of a capacitive microcantilever [7]
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(a) NEMS system based on a vibrating cantilever monolithically integrated on to a CMOS
circuitry. (b) Optical images of the nano-mechanical resonator integrated to a voltage amplifier.
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Figure 14.
Optical images of combined EBL and DWL.
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Figure 15.
Cross sectional view of CMOS at different steps a) after completion b) anisotropic reactive ion
etch c) isotropic silicon etch.
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Figure 16.
Circuit diagram of electrostatically driven cantilever to read the resonant frequency shift.
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Figure 17.
(@) Single cantilever (b) Double cantilever (c) Micro bridge [8]

Acta Mech Sin. Author manuscript; available in PMC 2010 October 20.

Page 30



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mutyala et al.

Figure 18.
Sensitivity Vs temperature for single, double and microbridge cantilevers [8].

Acta Mech Sin. Author manuscript; available in PMC 2010 October 20.

Page 31



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Mutyala et al.

Page 32

Figure 19.
(a) Fabrication process for suspended Si microstructures (b) Final cantilever released after dry
etching [14].
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Figure 20.
Capacitive response to humidity of five polyimide covered cantilevers [14].
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Figure 21.
Basic schematic of piezoelectric MCL [14]
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Figure 22.
Af/Am vs. L for all the modes and widths [16]
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Figure 23.
Experimental and theoretical Af with respect to Am of the cantilever with width 0.4cm and
varying lengths [16].
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Figure 24.
Experimental and theoretical Af with respect to Am of the cantilever with length 1.05cm, width
0.4cm (squares) and length 0.99cm, widths 0.2 cm (circles)[16].
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Figure 25.
Experimental and theoretical Af with respect to Am of the cantilever with length 1.03cm, width
0.4cm in width at mode 1 (squares) and mode 2 (circles)[16].
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Figure 26.
SEM image of PZT layer deposited on (a) Pt/Ti and (b) Ir/IrO5. [17]
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(2) (b)

Figure 27.
TEM image of cross sectional of (a) PZT/Pt/Ti/SiO2 (b) PZT/Ir/IrO2/SiO2 [17]
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Figure 28.
PZT MCL with right, bottom, and left electrode pads [18].
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Figure 29.
Sensitivity for Left and Right segment [18].
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Figure 30.
Sensing capability of the cantilever before and after polling [18].
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Figure 31.
Schematic of one MCL sensor unit in the touch sensor [19]
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Figure 32.
Optimized positioning of the PZT layer for maximum sensitivity [19].
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Figure 33.
(a) Output voltage with respect to frequency, (b) Output voltage with respect to the location
of the PZT layer at mode 3 [19].
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Figure 34.
(a) SEM image of the surface undergoing three annealing cycles. (b) SEM image of the surface
undergoing four annealing cycles [23].
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Figure 35.
(a) Cantilever fabricated with conventional method (b) Modified method [15].
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