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Abstract

This paper reports on the measurements of displacement and blocking force of piezoelectric micro-cantilevers. The free displacement was
studied using a surface profiler and a laser vibrometer. The experimental data were compared with an analytical model which showed that the PZT
thin film has a Young’s modulus of 110 GPa and a piezoelectric coefficient ds; s of 30 pC/N. The blocking force was investigated by means of a
micro-machined silicon force sensor based on the silicon piezoresistive effect. The generated force was detected by measuring a change in voltage
within a piezoresistors bridge. The sensor was calibrated using a commercial nano-indenter as a force and displacement standard. Application of
the method showed that a 700 wm long micro-cantilever showed a maximum displacement of 800 nm and a blocking force of 0.1 mN at an actuation
voltage of 5V, within experimental error of the theoretical predictions based on the known piezoelectric and elastic properties of the PZT film.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Piezoelectric micro-electro-mechanical systems (MEMS)
have been studied in many areas related to precision position
control [1], acoustic [2], pressure and gas sensors [3]. Lead zir-
conate titanate (PZT) ceramics have been extensively used due
to their superior piezoelectric properties [4] for a wide range
of sensors and actuators. For instance, micro-actuators have
been fabricated using a combination of sol-gel derived PZT
and surface micro-machining techniques [5,6]. The power out-
put is directly proportional to the thickness of the piezoelectric
film, so thicker films are of great importance. The direct use
of bulk PZT ceramics for MEMS devices is not trivial since it
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requires expensive and laborious processing to achieve thick-
nesses below 100 wm. The sol-gel technique [7] is a feasible
way to deposit PZT films for MEMS with thicknesses from 1 to
10 pm. The method offers good control of the PZT stoichiome-
try and is inexpensive. Nevertheless it is limited in the thickness
of single layers that can be grown due to crack occurrence as a
result of thermal expansion mismatch between PZT and silicon
substrate [8].

It is well known that thin film properties are significantly
lower than the bulk figures and that films’ properties largely
depend on processing conditions. Knowledge of these properties
is of great importance for the modelling of new device designs.
Full experimental characterisation is also needed because mod-
elling cannot always take all the parameters into account, such as
stress gradients, physical imperfections. Intensive research has
been carried out to investigate the properties of piezoelectric
cantilever beams. Due to the small thickness of the beams, the
displacement lies in the A—um range. Non-contact techniques
such as interferometry [9], atomic force microscopy (AFM)
[10], fibre optic sensor (FOS) [11], laser scanning vibrometer

SNA-5299; No. of Pages 10


mailto:fa_duval@yahoo.fr
dx.doi.org/10.1016/j.sna.2006.03.035

+ Model

2 EFE.C. Duval et al. / Sensors and Actuators A xxx (2006) xxx—xxx

(LSV) [12] have been successfully used. The latter is particu-
larly suitable to characterise the dynamic displacement because
it measures the velocity of the beam based on the Doppler shift
effect. Another main characteristic of these devices to investi-
gate is the blocking force, which is not readily achievable using
the previously mentioned techniques. It is common practice to
estimate the blocking force knowing the moment of inertia, /
and the maximum displacement (Eq. (1)) [13].
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ERTE Expression of the blocking force (1)

where F is the blocking force, E the Young’s modulus, /, w
and 7, respectively, the length, width and thickness of the beam
and § is the displacement. This, however, does not give a true
representation of the blocking force as already shown on macro-
scale piezoelectric actuators [14]. To the best of our knowledge
nothing has been yet reported on the full load versus displace-
ment characterisation of the blocking force of micro-scale PZT
cantilever beams. This paper presents the fabrication of a micro-
force sensor that was fabricated and calibrated and then used to
measure the blocking force of piezoelectric micro-actuators.

2. The micro-force sensor
2.1. Principle of force measurement

The force sensor is a silicon beam which includes four
piezoresistors arranged in a Wheatstone bridge, as shown in
Fig. 1: it is a quarter bridge meaning that only one resistor is
active, i.e. that on the beam. The active resistor was positioned
as close as possible to the fixed end of the beam, where maxi-
mum stress occurs. In order to measure the force developed by
the actuator to be tested, the latter is to be deflected against the
silicon sensor, as shown in Fig. 2.

This change in resistance is related to the force produced
by the actuator through calibration curves. Finally, the use of
a series of sensors with increasing stiffnesses (i.e. with differ-
ent thicknesses) allows the full load versus displacement curve
(Fig. 3) for the test actuator to be constructed.
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Fig. 1. Schematic of the silicon sensor showing the four resistors and the hole
for alignment purpose.

Piezoresistors area
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Fig. 2. Schematic of the interaction between actuator and force sensor.
2.2. Piezoresistors design

The p-type piezoresistors were fabricated by ion implanting
the silicon surface to obtain maximum control and hence repro-
ducibility between wafers. The piezoresistive coefficient and
hence, the sensitivity is governed by the dopant concentration,
the orientation of the resistor along the silicon crystallographic
axis and the temperature. The sensitivity is expressed as the
change in resistance as shown by Eq. (2) [15].

AR . . . . .
—— =mpoL + wror Change in resistance in a piezoresistor

R
@

where R and AR are the resistance of the piezoresistor and
the change in resistance, respectively, o1, and oT the local
stresses occurring in the longitudinal and transversal directions,
respectively, and 1, and st are the longitudinal and transver-
sal piezoresistive coefficients, respectively. Using finite element
analysis (FEA) (Intellisuite®), it has been found that under spec-
ified loading conditions the non-linear influence of transverse
loading on the piezoresistors can be neglected. Eq. (2) becomes
ER = mLoL with 7 equal to 72E10~11 Pa~! [15] for silicon
p-type resistors.

The piezoresistors were designed to be longer than wide to
maximise the effect of longitudinal stress. The length has to
be small to maximise the amount of tension generated in the
resistors. Fig. 4 shows the results of an Intellisuite® simulation
conducted on a 50 pm long piezoresistor (represented as rectan-
gles in Fig. 4) to evaluate how the stress varies when changing
the position of the piezoresistor with respect to the fixed end of
the beam. The variation in stress along the length is more pro-
nounced. At a distance of 100 wm from the edge, the stress is
only 70% of the maximum stress. The variation in stress along
the width is only less than 1%.

Blocki *# Actuator Force

Voltage 1 < Voltage 2 < Voltage n
Stiffness 1 < Stiffness 2 < Stiffness 3

force \‘\ Stiffness (sensor)n
"9 Stiffness 2
*s. Stiffness 1
Voltage 1 Voltage n

(applied to actuator)
Actuator displacement

Fig. 3. Schematic of the full load vs. displacement graph.
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Fig. 4. FEA simulations: stress profile for a 400 wm x 300 wm x 100 pwm
(I x w x ) cantilever when loaded with 0.3 mN as a function of the distance
away from the fixed end.

As imposed by the resolution of photolithography and silicon
deep reactive ion etching (DRIE), the piezoresistor cannot be
placed right at the edge of the cantilever. Fig. 4 also shows that
the decrease in stress is less significant if positioning the resistor
50 wm away from the fixed end.

The Johnson noise (J,) or thermal noise, as shown by Eq. (3),
is the thermal agitation of electrons in a resistor, which gives rise
to a random fluctuation in the voltage across its terminals.

Jn = (bk; TRB)I/ 2 Expression of Johnson noise 3)

where k; is the Boltzmann constant (1.38E—23JK™!), T the
temperature, R the resistance and B is the bandwidth. Using
a resistance of 200k, a temperature of 25°C, the Johnson
noise can be estimated at 0.2 wV for a 10 Hz bandwidth. It is
not anticipated to be a significant factor for the measurement of
the piezoresistive voltage because the latter is at least 10 orders
of magnitude bigger than the Johnson noise estimated above.

2.3. Micro-force sensor design

This part of the design is concerned with the geometrical
dimensions of the force sensors. The width of the cantilevers
was fixed at 300 wm. The dimensions of the cantilevers were
calculated using Eqs. (1) and (4).

6F1
Omax = el Maximum stress in a cantilever as a
function of the load applied @)

where o max 18 the maximum stress and F is the force applied to
the cantilever.

Table 1
Force sensors properties

Silicon cantilevers were designed to measure blocking forces
over the range 0.1 mN up to several hundreds of millinewtons.
Calculations were carried out with the view of maximising the
maximum stress in the beam (i.e. making the cantilevers as
short and thick as possible) because the sensitivity is directly
proportional to the stress value (Eq. (2)). The least stiff sil-
icon beam is 2600 pm x 300 wm x 50 wm and the stiffest is
750 pm x 300 wm x 200 pm in order to cover the range of force
to be investigated. The range of sensors to be made as well as
their expected properties are summarised in Table 1. The change
in piezoresistive voltage can be expressed for a quarter-bridge
by Eq. (5).

AV = % % Vo Change in piezoresistive voltage 5)
where AV is the change in voltage and Vj is the input voltage
of 10V.

It is vital to ensure that the minimum forces (N range) can
generate enough stress to cause a detectable change in volt-
age. The minimum force expected to be measured is 100 N,
which corresponds to an expected stress of about 2 MPa for a
50 pm thick and 2600 pm long force sensor that would gen-
erate a change in voltage of 4 mV. Fig. 5 presents the change
in stress and voltage when applying the minimum range of
forces onto the stiffest sensors (i.e. 200 wm). The minimum
change in voltage to be expected is about 50 uV (Fig. 5)
which is reasonably well above the level of noise calculated
above.

3. Experimental
3.1. Micro-force sensors fabrication

The 5 masks process used was based on surface and bulk
micro-machining techniques. Devices were made from double-
sided polished 100 mm (1 0 0) silicon on insulator (SOI) wafers,
n-type (10-20 2 cm) with a handle layer thickness of 400 pm
and three device layers of 50, 100 and 200 pm. A 600 nm
thick silicon oxide layer is grown by wet oxidation at 1000 °C.
Piezoresistor windows are opened using mask 1 and the oxide
is etched by reactive ion etching (RIE) in a mixture of CHF;
and Ar gases. Another thinner layer of silicon oxide is grown
at 950°C in oxygen. This 40 nm thick layer helps to prevent
ion implantation damage at the silicon surface during subse-
quent activation anneals. Boron is implanted with a dose of
4 x 10" ecm™2 at 70keV and activated at 1000 °C for 30 min
in nitrogen. Following this, contact windows (Fig. 6) are
implanted with 5 x 10 cm™2 BF, at 70keV using mask 2.

Piezoresistor dimensions (m) Resistance Output current (based Cantilever dimensions (um) Change in voltage (mV)
on a voltage of 10V)
1 w t 1 w t
60 10 1 ~200k2 ~0.04 mA 1000-2600 300 50-200 Few tens of microvolts up to

few hundreds of millivolts
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Fig. 5. Modelling: (a) stress vs. deflection and (b) AV vs. deflection for sensors (thickness =200 pm) with forces varying from 0.1 to 0.15 mN.

The 40nm thick oxide is etched by RIE, and the junctions
are activated at 1100°C for 10s by rapid thermal annealing.
The Al/Si metal is then deposited by sputtering in argon and
etched in a gas mixture of chlorine and silicon tetrachloride
using mask 3. After patterning, the metal is alloyed in Hy/N>
for 30 min at 450°C. The next steps are to release the can-
tilever structures. First the 600 nm thick oxide is etched using
a Plasmatech 80 RIE using mask 4. The silicon device layer
is also etched down to the buried oxide (BOX) layer using
mask 4 by DRIE, and a second deep etch is conducted from
the back of the wafer, using mask 5, to release the struc-
tures. Finally the BOX is wet-etched in a solution of 10 vol.%
HF for 45 min. Fig. 7 shows a scanning electron microscope
(SEM) picture of a micro-force sensor: the four piezoresis-
tors as well as the metal connections and the hole can be
observed.

—_
@
Pt

—_
—

3.2. Piezoelectric cantilevers fabrication

A three masks process was developed to fabricate the piezo-
electric micro-actuators. The process flow can be found in Fig. 8.
The fabrication starts with a 100 mm single-sided polished bare
(100) silicon wafer. A layer of sol—gel zirconium oxide (ZrO)
is first deposited. The procedure can be found elsewhere [16].
This layer helps to grow crack-free PZT on silicon as Imura [17]
showed that PZT cracked when directly deposited on to silicon.
The bottom electrode (Ti 8 nm/Pt 100 nm) is deposited using a
multi-target radio frequency (RF) magnetron sputtering system
(Nordiko Limited). A thin layer of titanium is first sputtered to
act as an adhesion promoter between ZrO, and platinum. The
next step is the PZT deposition. This is carried out by deposit-
ing 30 layers of a 0.4 M 52/48 PZT solution by spin coating the
solution at 3000 rpm for 30 s. The sol synthesis is reported else-

—
o
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Fig. 6. Piezoresistive sensor flowchart, (a) SOI wafer (Si/SiO,/Si), (b) 600 nm oxide, (c) oxide etch (mask 1), (d) 40 nm oxide, (e) first implantation, (f) second
implantation (mask 2), (g) 40 nm oxide etch, (h) metal sputtering (mask 3), (i) 600 nm oxide etch (mask 4), (j) front silicon deep etch (mask 4), (k) back silicon deep

etch (mask 5) and (1) BOX wet etch.
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Fig. 7. SEM photomicrograph of the micro-force sensor.

where [18]. Each layer, approximately 100 nm thick, is baked
at 200°C for 30s and crystallised at 600 °C for 5 min for the
first 10 layers and 3 min from the 11th layer onwards. X-ray
diffraction (XRD) showed the PZT layer to be fully crystallised,
with a randomly orientated crystalline structure. Dielectric mea-
surements were made using a Wayne Kerr precision component
analyser 6425 at 1 kHz. It showed a dielectric loss of 1.5% and
arelative permittivity of 900. The top electrode was obtained by
a lift-off technique based on a bi-layered resist coating (LOR-
2A and S1818 (Chestech UK)). The PZT was wet-etched in a
HF/HCI/H,0 (0.5/4.5/95, v/v/v) solution (I) for 30 s, rinsed in
deionised water for 10 s, and put in a nitric acid (30 vol.%) solu-
tion (II) for 45 s to dissolve the PbCIF precipitate formed with
the first solution. This operation is repeated: 30 s in (I) and 3 min
in (II). This gave an approximate etch rate of 40 nm/s similar to
that described by Baborowski [5]. The bottom electrode and the
zirconia layer were etched using a RIE Plasmatech 80 using Ar,

Fig. 8. Piezoelectric cantilever flowchart (a) Si wafer, (b) ZrO,, (c) Ti/Pt, (d)
PZT, (e) Ti/Pt (mask 1), (f) PZT wet etch (mask 2), (g) Ti/Pt and ZrO; dry etch
(mask 2), (h) Si DRIE (mask 2) and (i) Si DRIE (mask 3).

and a mixture of Ar and CHF3, respectively. The front silicon is
deep etched in a STS ICP etcher (DRIE) using a mixture of SFg,
0, and C4Fj3 gases. Deep etch was conducted from the back side
to release the free-standing structures.

3.3. Calibration measurements

The calibration was carried out using NPL’s (National
Physical Laboratory, Teddington, UK) nano-mechanical testing
machine, NTM3D [19]. The calibration is concerned with apply-
ing a defined displacement onto the beam and measuring the
corresponding change in piezoresistive voltage and the gener-
ated force. This equipment allows simultaneous measurement of
forces and displacements in three orthogonal directions, and has
enough free space to mount a wide range of fixtures in a well
controlled environment. The NTM3D is built on two distinct
parts functioning along the same principle allowing the out-of-
plane (z-axis) control through the vertical stage, and the in-plane
(x and y axes) control through the horizontal stage. Four capaci-
tance sensors with sub-nanometre resolution, from Queensgate
Instruments, are incorporated in the stages. The first two provide
force and displacement measurement along the z-axis, while the
remaining two provide horizontal force measurement in the x
and y directions. Horizontal displacements are imposed through
the internal encoding of the inchworm motors, with a minimum
displacement of 4 nm. The system is fully enclosed in a vibra-
tion isolated cabinet, mounted on a Melles—Griot active optical
table. Specimen alignment is carried out optically, through the
use of a charge coupled device (CCD) video camera positioned
at 30° with the X-Y plane. The contact with the force sensor was
made using a 30 wm diameter diamond tip.

3.4. Displacement and force measurements

Prior to carrying out any measurements on the PZT can-
tilevers, one corner of the wafer was etched in a HF/HCI/H,O
(0.5/4.5/95, v/v/v) solution to expose the bottom electrode. The
devices were poled by applying a voltage between the top and
bottom electrode. The poling was conducted for 10min at a volt-
age varying between 20 and 40 V and a temperature of 130 °C.
The static displacement under an applied voltage was assessed
using a Dektak surface profiler. The stylus was scanned at the
tip of the beam across the width while applying a voltage on and
off to create a step height in the measurement profile. The step
height was taken as the measured displacement. The quasi-static
displacement was assessed using a laser scanning vibrome-
ter (LSV-Polytech OFV 3001). An AC voltage (peak to peak)
between 0.5 and 10 V was used. The blocking force was finally
measured by deflecting the piezoelectric beam against a set of
calibrated silicon force sensors. The force sensor was brought
in contact with the test actuator under an optical microscope.
The use of high precision {X, Y, Z} positioning stages (Physics
Instruments PM-500 and PM-400) enabled to accurately posi-
tion the force sensor with the actuator, with respect to the hole
created at the end of the sensor beam. The contact between the
two beams was also accurately done using the Z stage with a
100 nm increment. The PZT cantilever was actuated DC caus-
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Fig. 9. Calibration curves: (a) force vs. voltage, (b) displacement vs. voltage for a 2600 wm long and 100 pwm thick force sensor.

ing the silicon beam to deflect and a change in voltage through
the bridge. The latter was used to obtain force and displacement
by referring to the calibration curves formed as described above.

4. Force sensors calibration

Prior to calibration, the sheet resistance was measured: uni-
form figures with a variation of 5% were found between chips on
the same wafer. The piezoresistive behaviour of the sensors was
also studied by recording -V (current—voltage) curves, between
9 and 10V, showing ohmic behaviour. The same bridge (i.e. same
position on wafer) was tested for each thickness at two opposite
points of the Wheatstone bridge. Each force sensor was sepa-
rately calibrated.

A typical pair of calibration curves, as recorded by the
NTM3D for a 2600 pm long and 100 pwm thick force sensor, are
presented in Fig. 9, showing force versus piezoresistive volt-
age in Fig. 9a and displacement versus piezoresistive voltage
in Fig. 9b. The sensitivity of the force sensor for the force and
displacement is given by the slope of the calibration curves.
The sensitivity is the change in displacement or force applied
to the force sensor that is required to produce a unit change
in piezoresistive voltage. Table 2 summarises the slope coef-
ficients obtained on several different beams. It shows that the
force slope increases and the displacement slope decreases as
the beam thickness increases, as expected.

A Young’s modulus of silicon of about 120-130 GPa was
required to obtain a good fit with the force versus displacement
curves. The silicon Young’s modulus was checked by measuring
beams’ resonant frequencies (Eq. (6), [20]) using the LSV.

t |E
fi=0. 1621—2 — Resonant frequency of a cantilever beam

P
(6)

where p is the density of the material, i.e. 2330 kg/m? for silicon
[15]. The devices were mechanically excited using a PZT disc

driven at 1 V AC. Using the measured data, and the equation
relating the resonant frequencies to the mechanical properties,
the silicon Young’s modulus was found to be 132, 118 and
118 GPa for the 50, 100 and 200 pm thickness wafer, respec-
tively. Since the analytical expression of the resonant frequency
is truly valid for high ratio length/thickness, the experimental
value of 132 GPa matches that used in the model. This value is
in excellent agreement with the literature value for (1 0 0) silicon
[21]. Knowing the Si Young’s modulus, the experimental data
(displacement and force versus change in piezoresistive voltage)
were fitted using Eqs. (1) and (5) by adjusting the piezoresis-
tive coefficient. The latter was found to vary between 18 and
44 % 10~ Pa~!. These values are lower than the maximum the-
oretical value of 72 x 10~ Pa~! and the smallest value were
obtained for the 50 wm thick wafers. Discrepancies between
wafers were expected because it was found from the /-V curves
that the wafers had quite different /-V characteristics.

5. Piezoelectric actuators
5.1. Free displacement measurements of the actuators

The displacement was investigated using the LSV system as
well as a contact method, a Dektak surface profiler. The surface
profiler gives the static displacement at DC voltages and the
LSV a quasi-static displacement, taken at a frequency much
lower than the first resonant frequency. The latter was obtained
using the LSV by applying a burst chirp signal to excite the
device over a wide range of frequencies, i.e. between 10 Hz
and 200 kHz. The resonant frequency was recorded for different
cantilever lengths as shown in Fig. 10. The fit is better for longer
beams: this was expected since the analytical equation for the
resonant frequency is only valid for high ratio length/thickness.

The experimental curve (Fig. 10) was compared with the
analytical expression for the resonant frequency of a cantilever
beam, as shown in Eq. (7) [22], to extract the PZT thin film
Young’s modulus. The actuator is considered as being a bi-

Table 2
Force and displacement slopes and piezoresistive coefficient for several force sensors
Thickness (um) Length (p.m) Piezoresistive coefficient Force sensitivity Displacement
(10~ pa~ly (mN/V) sensitivity (um/V)
50 2600 18 107 1598
100 2600 42 196 327
200 2600 44 773 160
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Fig. 10. Resonant frequency as a function of the cantilever length.

layered cantilever made of silicon and PZT. The other materials
(electrodes and zirconium oxide) were not taken into account as
their thickness is not significant.

oo 35u [E {Asz 12AQB+3B2+28 +11"?
"7 4xL?\[3p,| (14 BC)AB + )(1 + B)?

Resonant frequency of a unimorph beam @)

where f; is the resonant frequency of the beam, L the beam
length, ¢ the beam thickness (silicon + PZT), E;, the PZT Young’s
modulus, p, the PZT density, A the Young’s moduli ratio of
silicon and PZT, B being the thickness ratio of silicon and PZT
and C is the density ratio of silicon and PZT.

The silicon and PZT thicknesses were determined from SEM
examination to be 10 and 2.8 pm, respectively. The (1 0 0) silicon
Young’s modulus was fixed at 169 GPa [21]. The PZT density
was taken as the bulk value (7700 kg/m?) [23]. The PZT Young’s
modulus was the varying parameter and a value of 110 GPa, i.e.
similar to that reported by Fang et al. [24] for 52/48 PZT films,
was used to obtain a good fit with the experimental graph. A
micrograph of the PZT cantilever is shown in Fig. 11.

Fig. 12 presents the displacement of a 900 um long beam
recorded using both the surface profiler and the LSV. The dis-
placement measured by the vibrometer is in good agreement
with that obtained using the Dektak surface profiler. The lat-
ter gives a true static displacement but it is not very precise:
this is because the surface of the beam is rough making an
uncertainty of 100 nm in the measurements. The effect of the
poling voltage on the measured displacement was also studied.
An increase from 20 to 30 V did not show a significant increase

2

Top Electrode

Fig. 11. SEM photomicrographs of a PZT cantilever.

Voltage (V)

Fig. 12. Displacement (Dektak and vibrometer) of a 900 wm long cantilever
beam poled at 20 V.

in displacement. Further increase in the poling voltage up to 40 V
(130kV/cm) led to dielectric breakdown. Hence, 20 V was taken
as the optimum voltage and subsequent poling was conducted
at this level.

The experimental displacement curves were compared with
the analytical model described by Wang and Cross [22] (Eq.

(8)).

3L 2AB(1 + B)?
§="— dn1vV
2t A2B*+2AQB+3B2+2B3)+1
Displacement of a unimorph actuator 8)

where d3; is the piezoelectric coefficient in pC/N and V is the
electric field in V/m. The varying parameter was the d3| piezo-
electric coefficient.

Fig. 13 shows two experimental curves recorded at two dif-
ferent frequencies, 100 and 5000 Hz, for two different beam
lengths, 700 and 900 wm. The best fit was obtained using a d3 ¢
of 30 pC/N for both curves. This is only true for the first lin-
ear part of the displacement curve for the 900 wm long device.
Non-linear characteristics are typical of piezoelectric materials
at higher voltages. This value of 30 pC/N is much lower than the
bulk value (90 pC/N) [23]. However, reported d3; ¢ values for
52/48 PZT sol-gel films are about 40 pC/N from wafer flexure
measurements on sol—gel films [25] and 30 pC/N from piezo-
cantilevers coated with (1 1 0) PZT sputtered films [26].

900 d31=30pC/N .- :
800 - 5

-4'd31=30pC/N

—=— Vibrometer FFT 100Hz-SPIT 5-

2¢:900um
--# - model 1
—=—Vibrometer FFT SkHz-700um
- -k - model 2
0 T T T T T T T T T T T )
0 1 2 3 4 5 6 7 8 9 10 11 12
Voltage (V)

Fig. 13. Experimental (vibrometer) and modelled displacement of a 900 wm
cantilever beam.
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Fig. 14. DC driven micro-actuator (700 wm long) blocking force measurement.

5.2. Force and displacement measurements using the
calibrated force sensors

Using the micro-force sensors, the blocking force of the
piezoelectric actuators was assessed. The micro-cantilever was
set up as described in Fig. 2. The test actuator, positioned above
the force sensor, was driven at a voltage between 0 and 10 V DC.
The generated change in piezoresistive voltage was recorded
using a multimeter. The recorded changes in voltage were used
to plot force versus displacement curves by using the calibration
curves. The actuator was tested against a series of force sensors
with increased stiffness to build the load versus displacement
graph as shown in Fig. 14.

The free displacement was measured using the laser vibrom-
eter between 0 and 10V AC at 5kHz. Assuming a linear dis-
placement these values were doubled to obtain the displacement
between 0 and 10 V DC. The maximum displacement is likely
to be greater because the displacement does not follow a linear
trend at high electric fields. Three force sensors were tested: two
50 wm thick and one 100 pwm thick sensors. The maximum dis-
placement is reduced when the beam is deflected against a force
sensor. At the same time the maximum force is increased.

The iso-voltage curves do not exhibit a linear behaviour:
this was reported elsewhere for macro-scale actuators [13,14].
The maximum blocking force can be approximated, by linear
extrapolation from the stiffest force versus displacement curve,
at about 0.25mN at 10V and 0.12mN at 5 V. Assuming a lin-
ear behaviour of the iso-voltage curves would lead to a higher
value of blocking force (i.e. about 0.4 mN) when taking the max-
imum free displacement as starting point. The experimental data
were compared with the analytical maximum blocking force of a
piezoelectric unimorph actuator (Eq. (9)) as described by Wang
and Cross [22].

_ Bwr? 2AB
8] (AB+1)1+B)

Blocking force of a unimorph actuator )

Epd;1V

where F is the maximum blocking force. The maximum theo-
retical blocking force was calculated based on the d3; and PZT
Young’s modulus found from the displacement study, respec-
tively, 30 pC/N and 110 GPa. At 10V the calculated blocking
force is 0.30 mN. This figure is close to the extrapolation from
the experimental data.

The experiments show slightly lower values than those pre-
dicted by theory. One of the main parameters in the model is
the silicon thickness. The latter was approximated from SEM
examination and an error of up to 1 pm is possible in this. This
would contribute to an uncertainty in the theoretical blocking
force of 0.05 mN, which means that the experimental and theo-
retical values are within experimental error of one another.

6. Conclusion

Piezoelectric micro-cantilevers have been successfully fab-
ricated and characterised. First the static displacement was
investigated using two different techniques: profilometry and
vibrometry. Both methods gave similar values of displacements.
At high voltages it was found that the displacement was not lin-
ear. The experimental data were compared with an analytical
model which showed a PZT Young’s modulus of 110 GPa and a
dz1 piezoelectric coefficient of 30 pC/N.

Secondly the blocking force was studied using micro-
force sensors. The latter were first fabricated and calibrated
using NPL’s nano-mechanical testing machine. The test micro-
actuator was deflected against the set of sensors and the gen-
erated force and displacement were obtained from the piezore-
sistive calibration curves. A 700 wm long piezoelectric beam
having a PZT thickness of 2.8 wm showed a maximum displace-
ment of 800 nm and a blocking force of 0.1 mN at 5 V. The latter
was in relatively good agreement with the value predicted by the
analytical model. This work also showed the non-linear nature
of blocking force characteristic which has been reported previ-
ously. The reasons that an expected linear relationship between
force and displacement does not exist are likely to be due to the
materials non-linear elastic and piezoelectric properties.

The piezoresistive micro-force sensor, presented here, is a
suitable tool to characterise the force/displacement behaviour
of micro-devices. Future work aims at testing a large variety of
MEMS.
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