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Abstract
Previous studies on zinc oxide (ZnO) microcantilevers have been focused on applications in the atomic
force microscopy (AFM). Characteristics of ZnO microcantilever actuators were not thoroughly
investigated in those studies. This paper reports modeling, fabrication and characterization of a
piezoelectric ZnO microcantilever actuator for high-frequency nanopositioning. Main characteristics of
the ZnO microcantilever, i.e. resonant frequency, actuation sensitivity and force-deflection relationship,
have been studied by modeling and experiments. Analytic equations of the resonant frequency and
actuation sensitivity were derived. Tip deflection as a function of driving voltage and external load was
formulated. Effects of major geometric dimensions on the performance of piezoelectric ZnO cantilevers
were demonstrated with numerical results. A prototype was designed for applications requiring microNewton actuation forces with driving frequencies above 10 kHz. The microfabricated cantilever was
characterized for its resonant frequency and actuation sensitivity. Impedance analysis identified the
resonant frequency at 53 kHz which was in excellent agreement with the frequency response function.
Steady-state actuation sensitivity at 15 kHz was found to be 12 nm/V with a bandwidth of 27 kHz.
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1. Introduction
Piezoelectric cantilever actuators utilize the converse piezoelectric effect to convert electrical energy into
mechanical energy, i.e. displacement and force. Typical applications of piezoelectric cantilever actuators
include ultrasonic motors, atomic-force-microscopy (AFM) probes, microwave switches, bandpass filters
and suspensions in hard disk drives [1-5].
Among the broad range of piezoelectric materials, lead zirconate titanate (PZT) is the most widely
used due to its superior piezoelectricity. Apart from PZT, zinc oxide (ZnO) is another important
piezoelectric material. Although piezoelectricity of ZnO is generally one order smaller than that of PZT
[6], ZnO possesses greater flexibility in processing. ZnO thin films can be deposited in room temperature
and easily etched by a variety of acidic etchants [7]. Therefore, it can be readily integrated with other
MEMS materials and processes.
Most of previous works on ZnO cantilever actuators were related to the AFM. A ZnO cantilever was
first used as a sensor to overcome limitations of conventional photo detectors in the AFM [8, 9]. In
attempts for further improvements, actuation capability was added to the cantilever with double ZnO
layers to realize self-excitation [10, 11]. In a similar application, a ZnO thin film was implemented on the
cantilever to enhance the scanning speed of the AFM [12, 13]. These studies were mainly focused on
improving performance of the AFM. Preparation of the ZnO thin film and the characteristics of the ZnO
actuator were not thoroughly studied. Later efforts were concerned more with characterization of ZnO
cantilevers. In [14], a method for calculation of the transverse piezoelectric constant based on the free
vibration theory of a cantilever beam was proposed. In another study, higher vibration modes of a
commercial ZnO cantilever were investigated using impedance analysis [15]. The nonlinear behaviour of
a similar cantilever was demonstrated by theoretical development and experimental results [16]. Although
the aforementioned characterization efforts addressed some issues regarding characteristics of ZnO
cantilevers, two most important aspects, i.e. actuation sensitivity and force-deflection behaviour, were
neglected.
This paper reports a systematic study on a ZnO microcantilever for high-frequency nanopositioning.
The microcantilever was designed to operate in the frequency range of up to 20 kHz. The tip deflection
was on the order of a few nanometers with actuation force on the micro-Newton level. Modeling of the
microcantilever concerning its resonant frequency, force-deflection relationship and actuation sensitivity
will be first presented. Fabrication processes including preparation of thin-film ZnO by RF magnetron
sputtering and micromachining of the cantilever will then be described in detail. Lastly, characterization
results of the resonant frequency and actuation sensitivity will be discussed and compared with theoretical
values.

2. Modeling and design
Two common approaches have been used in existing studies to derive the constitutive equations of
piezoelectric cantilever benders. The first approach is to consider equilibrium of forces and moments and
the strain compatibility condition at the piezoelectric-elastic interface [17, 18]. This approach was first
proposed by S. Timoshenko for analysis of bimetallic thermostats [19]. Usually, tip deflection of an
unloaded piezoelectric cantilever is first calculated based on the curvature. Actuation force can then be
obtained by utilizing the equivalent force-deflection relationship at the tip of the cantilever. The second
approach is based on the energy method which involves calculation of strain energy and piezoelectric
energy [20, 21]. This paper follows the first approach and starts with a loaded cantilever. Bending
moment instead of the curvature is then derived. By integration of the bending-moment equation, an
integrated governing equation for tip deflection, external loading and driving electric field is obtained.
As shown in Fig. 1(a), a piezoelectric cantilever is commonly used to displace an external load P by a
certain displacement . In addition to loading and displacement, the speed of positioning also has to meet
the requirements of specific applications. Thus, the resonant frequency and force-displacement
relationship are the most concerned specifications in the design of piezoelectric cantilever actuators.

2.1. Bending resonant frequency
Free bending vibration of beams is governed by a fourth-order partial differential equation which can be
solved by separation of variables in space and time. The resonant frequencies can be obtained by solving
the eigenvalue problem of the fourth-order ordinary differential equation in space. The fundamental
resonant frequency 0 of a beam clamped at one end and free at the other end is given by [22]
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where E, I, m and L are the Young’s modulus, area moment of inertia, mass per unit length and length of
the beam, respectively. To find the flexural rigidity EI for the piezoelectric cantilever which consists of
two materials, the transformed-section method is used to transform its cross section into an equivalent
cross section of a single material [23]. The equivalent flexural rigidity EI is found to be
b
EI 
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where the subscripts p and s denote the piezoelectric and elastic materials, respectively; and b, t are the
width and thickness, respectively. And,  represents
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The equivalent mass per unit length m for the piezoelectric cantilever is
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where  is density. Insertion of Eqs. (2), (4) and f0 = 0 / 2into Eq. (1) gives the resonant frequency f0,

f0 

0.1615

2
L
( E pt p  Es ts )(t p  p  ts  s )

(5)

2.2. Tip deflection and actuation force
Similar to the effect of temperature change on bimetallic thermostats, an electric field induces internal
stress in the piezoelectric cantilever. The stress at an arbitrary cross section can be represented by axial
forces and internal moments [19]. Fig. 1(b) is a free-body diagram of a segment along the length of the
piezoelectric cantilever actuator. Equilibrium conditions of force and moment on any cross section of the
cantilever are
Fp  Fs
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According to the moment-curvature equation [23], the moments Mp and Ms can be expressed in terms of
the curvature r of the cantilever as follows,
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Combining Eqs. (8) and (9) gives
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Assuming there is no separation and slip at the interface of the piezoelectric and elastic layers, the normal
strain in the piezoelectric layer must be equal to that in the elastic layer. Therefore,
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where d31 and E3 are the transverse piezoelectric constant and electric filed across the thickness of the
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The forces and moments, i.e. Fp, Fs, Mp, and Ms can be derived by solving Eqs. (6), (7), (11) and (13). Mp
and Ms are found as follows,
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Summation of Mp from Eq. (14) and Ms from Eq. (15) gives the bending moment ME induced by the
electric field,
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In addition to the electric field, the external load P also causes a bending moment in the cantilever which
is a function of x. Thus, the total bending moment in a cross section located at x along the beam is
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After the moment is obtained, the deflection curve of the beam can be found by integration of the
bending-moment equation. The bending-moment equation is given by [23]
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(18)
dx 2 EI
where v is deflection of the cantilever. Two integrations are required to obtain the deflection curve. Upon
substitution of Eq. (17), integration of Eq. (18) produces the slope v’ = dv/dx,
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Consideration of the first boundary condition v   0 for x = 0 gives c1 = 0. Thus, Eq. (19) becomes
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Integration of Eq. (20) gives the deflection curve,
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Again the second boundary condition v = 0 for x = 0 gives c2 = 0. Thus,

(20)

(21)

  bd E E E t t ( t  t )( E t 3  E t 3 ) PL 
Px 3 
31 3 p s p s p
s
p p
s s

x 2 


4
2 
6 
 


Substitutions of EI from Eq. (2) and E3 = V/tp into Eq. (22) yield
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The tip deflection  is found by substitution of x = L into Eq. (23),
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2.3. Actuation sensitivity
The actuation sensitivity of an unloaded actuator can be defined either as tip deflection per voltage (/V)
or tip deflection per electric field (/E3). Tip deflection per voltage (/V) can be obtained from Eq. (24),
3
3 2
 3d31E p Ests (t p  ts )( E p t p  Es ts )( E pt p  Es ts ) L

(25)
V
2
Substitution of V = E3tp into Eq. (25) gives tip deflection per electric field (/E3),
3d 31E p Es t pts ( t p  ts )( E p t p  Es ts )( E pt 3p  Es ts3 ) L2


(26)
E3
2
2.4. Performance analysis
The resonant frequency f0 and tip deflection  are functions of the dimensions of the piezoelectric
cantilever. As shown in Eqs. (5) and (24), the width b does not affect the resonant frequency and the tip
deflection under no external loading. Considering the external load P, the driving voltage required for a
certain tip deflection  is inversely proportional to the width b. Thus, a wider cross section of the
piezoelectric cantilever is preferred for less power consumption. The effect of length L can be easily seen
from Eqs. (5) and (24). The resonant frequency decreases parabolically with L, while the tip deflection
increases parabolically with L for P = 0. The effect of the thicknesses tp and ts is not obvious and can be
studied with numerical analysis. In the following numerical and experimental results, silicon is used as
the material for the elastic layer and ZnO for the piezoelectric layer. The material properties of ZnO and
silicon [24, 25] are listed in Table 1.
The effect of silicon thickness on the resonant frequency and sensitivities was calculated with the
ZnO thickness tp set to 1 m. As seen in Fig. 2, the resonant frequency f0 increases almost linearly with
the silicon thickness ts, while the sensitivities (/E3 and /V) both decrease parabolically with ts. This
shows the well-known trade-off between the resonant frequency and sensitivity of cantilevered
transducers. It is also observed in Fig. 2(b) and Fig. 2(c) that /E3 and /V have the same decreasing trend.
This is due to the fact that the ZnO thickness tp is fixed and V = E3tp.
Some applications such as piezoelectric actuators fabricated using the Reduced and INternally Biased
Oxide Wafer (RAINBOW) require a fixed total thickness [26]. In this case, performance of the actuator
changes with the thickness ratio of the elastic layer to the piezoelectric layer. Fig. 3 shows the resonant
frequency and actuation sensitivity (/E3, /V) with the total thickness set to 35 m. It can be seen from
Fig. 3(a) that f0 increases with the thickness of silicon ts. This is mainly caused by the decrease in density
(Table 1) and thus total mass. The tip deflection under unit electric field (Fig. 3(b)) peaks at ts = 28 m,
while the tip deflection under unit voltage (Fig. 3(c)) increases monotonously. The parabolic behavior of
/E3 in Eq. (26) is caused by the parameter tp introduced by V = E3tp into Eq. (25). In practice, the
actuation sensitivity is primarily defined as the tip deflection per voltage (/V). One disadvantage of the
definition of /V is that it is not able to reflect the physical limits of the thickness of the piezoelectric layer

and the electric field. According to Eq. (25), the thickness of the piezoelectric layer tp can be zero. In
reality, the tip deflection as well as the sensitivity /V shall also be zero when no piezoelectric material is
present. However, the sensitivity reaches the maximum for tp = 0 m and ts = 35 m in Fig. 3(c). By
contrast, /E3 (Eq. 26) approaches zero with tp decreasing to zero as seen in Fig. 3(b). Although the
definition of /E3 may not be as intuitive as /V, it incorporates the effect of the thickness of the
piezoelectric layer on the electric field. In the case of varying thickness of the piezoelectric layer, it is
useful to have the two sensitivities that complement each other.
It can be seen from Eq. (24) that there is a trade-off between the external load P (actuation force) and
the tip deflection . Appropriate combinations of actuation force and displacement suited to specific
applications can be obtained by changing the amplitude of the driving voltage. The external load P
(actuation force) at the cantilever tip is plotted against the tip deflection  in Fig. 4. Both the actuation
force and tip deflection increase with the driving voltage when either one of them is constant. For driving
voltages ranging from 2 V to 6 V, the maximum actuation force changes from 30 N to 90 N. In
comparison, a femto slider weighs approximately 6 N [27]. To displace a femto slider by 10 nm, a
driving voltage of about 1V is required.
2.5. Design considerations
The sensitivity and resonant frequency are two most important specifications for actuators. The sensitivity
plays an important role in the amplitude of the output, while the resonant frequency together with
damping determines the useful frequency range (bandwidth). Ideally, both the sensitivity and resonant
frequency are preferred to be as high as possible, however as seen in Fig. 2 a trade-off exists between
them. Appropriate combinations are usually chosen based on application requirements.
With a specific interest in enhancing tapping speed of AFM cantilevers, the resonant frequency was
selected as the primary design parameter in this study and set to 50 kHz [13, 28]. In addition to a high
resonant frequency, tip deflection in the range of 10-100 nm is required. It can be seen from Fig. 2(a) (or
calculated from Eq. (5)) that for f0 = 50 kHz the thickness of silicon ts is equal to 34 m. At ts = 34 m,
the actuation sensitivity is 12.8 nm/V (as seen in Fig. 2(c) or calculated from Eq. (25)). Thus, the driving
voltage for the required tip deflection is 1-8 V. This shows the combination of the resonant frequency and
sensitivity is suitable for high-speed tapping mode. To let the thicknesses of silicon ts and ZnO tp as the
only design parameters, the length of the cantilever L and total thickness were set to 1000 m and 35 m,
respectively. As a result, the piezoelectric ZnO layer is 1 m thick. The width of the cantilever which is
not a variable of f0 was set to 500 m. Therefore, the actuator structure consists of a silicon support beam
of 1000×500×34 m3 and a ZnO thin film of 1 m thick. The design specifications of the piezoelectric
ZnO microcantilever are summarized in Table 2.
3. Fabrication
The piezoelectric ZnO cantilever was fabricated on a p-type (100) silicon wafer by microfabrication. The
fabrication process flow is shown in Fig. 5. The fabrication process starts with oxidation of the silicon
wafer (Fig. 5(a)). Au/Cr of 100 nm thick is first deposited for the bottom electrode (Fig. 5(b)). ZnO of 1
m thick is then sputtered at room temperature for the piezoelectric layer (Fig. 5(c)). The optimized
process parameters for preparation of the ZnO thin film are listed in Table 3. Characterization results of
sputtered ZnO thin films were reported in our previous studies [29]. Following ZnO sputtering, another
100 nm of Au/Cr is deposited for the top electrode (Fig. 5(d)). After deposition of the thin films, the
wafer undergoes deep reactive ion etching (DRIE) to carve out the cantilever structure. This is done in
two steps. First, the cantilever pattern is defined by etching from the front side (Fig. 5(e)). Second, a
cavity is cut from the back side to free the cantilever (Fig. 5(f)). The thickness of the silicon beam is
controlled by etching time. The fabricated ZnO cantilever actuator is shown in Fig. 6. The cantilever
appears tapered due to nonuniform etching of silicon by DRIE. The thickness at the fixed end measures
approximately 36.7 m, while at the free end 26.6 m.

4. Characterization
Characterization of the piezoelectric cantilever actuator was performed using a laser Doppler vibrometer
(LDV). The experimental setup is shown in Fig. 7. Driving voltage is supplied by a function generator
(Agilent 33120A). Tip deflection of the cantilever is captured by the LDV (Polytec). Signals of the driving
voltage and tip deflection are processed by a dual channel FFT spectrum analyzer (ONO SOKKI CF5220Z). Time responses to driving voltages of sinusoid, triangular and square waveforms were
investigated. The resonant frequency of the cantilever actuator was identified by an impedance analyzer
(Agilent 4294A). Frequency response function was obtained by the spectrum analyzer. Actuation
sensitivity, nonlinearity, bandwidth and damping were characterized.
4.1. Time response
To study the dynamic effect on the response of the tip deflection, driving votlage of sinusoid, triangular
and square waveforms were applied to the cantilever. Plotted in Fig. 8 are time histories of driving
voltage of sine waveform at 20 kHz and the resultant tip deflection. The amplitudes of the driving voltage
and tip deflection are 2.764 V and 23 nm, respectively. It is observed in Fig. 8(b) that the peak of the tip
deflection trends upward. The phenomenon of displacement drifting is caused by creep which is a
viscoelastic behavior associated with piezoelectric materials such as PZT and ZnO [30]. Creep is typically
modeled using the generalized Kelvin-Voigt model [31]. Positioning errors induced by creep can be
compensated using control techniques [32]. The tip deflection follows the driving voltage well without
significant transients. Changing the waveform from sine to triangle resulted in substantial transients in the
tip deflection as seen in Fig. 9(b). Fig. 10 shows time response to square wave excitation at 10 kHz. It can
be seen in Fig. 10(b) that the tip deflection has larger overshoots than those from the sine and triangle
waveforms. Compared with the excitation in Fig. 10(a), the tip deflection hardly settles down, which is
attributed to the light damping of the cantilever. To allow the response to reach a steady state, a lower
frequency excitation of 400 Hz was applied (Fig. 11). Fig. 11(b) shows that it takes approximately 0.2
msec to damp out the transients. Comparision of the three waveforms shows that in high-speed
positioning, sinusoid driving is preferred for reduced impact.
To obtain the actuation sensitivity, the cantilever actuator was excited by sinusoid voltage at 15 kHz.
The maximum tip deflection is plotted against the voltage amplitude in Fig. 12. The slope of the fitted
line shows that the cantilever actuator has a sensitivity of 12.09 nm/V. The experimental sensitivity is
5.6% lower than the design specification (12.8 nm/V) as shown in Table 2. There are two contributing
factors to the discrepancy between the calculated and experimental sensitivities. First, in the modeling the
metal thickness (200 nm) is not considered. Omission of the metal electrodes reduces the thickness of the
structural layer; hence the stiffness of the cantilever. As a result of a thinner elastic layer, the calculated
sensitivity becomes higher (Fig. 2(c)). Second, the fabricated cantilever is tapered with a thicker fixed end
(Fig. 6). The variation in thickness causes a higher structural stiffness and thus a lower sensitivity. To
address the effect of thickness variation in modeling, the thickness of silicon ts can be expressed as a
function of length ts(x). Similarly, for cantilevers with variable width, such as triangles, the width b can be
replaced by b(x). The response of the tip deflection of the cantilever appears very linear. A transducer’s
nonlinearity is quantified by [33]
maximum output deviation
Nonlineari ty 
(27)
full scale output
Nonlinearity of the cantilever actuator was calculated to be 2% full scale.
4.2. Frequency response
Fig. 13 shows the measured resonant frequency of the ZnO cantilever using an impedance analyzer
(Agilent 4294A). The fundamental resonance appears at 52.79 kHz, slightly higher than the design
specification of 50 kHz. The higher experimental resonant frequency is caused by the same reasons
(omission of metal layers in the modeling and thickness variation caused by DRIE etching) behind the
lower experimental sensitivity as discussed in Subsection 4.1. Due to the trade-off effect, the

experimental resonant frequency and sensitivity change in opposite directions. To determine the
bandwidth of the cantilever actuator, the frequency response fucntion was obtained by the dual channel
FFT analyzer. As seen in Fig. 14, the resonant frequency is almost the same as that measured by the
impedance analyzer.
The static gain and bandwidth can be obtained from the frequency response function (Fig. 14). Also
referred to as sensitivity, the static gain corresponds to the magnitude of the flat region. The bandwidth is
determined by the frequency where the static gain deviates by 3 dB [34, 35]. The static gain was found to
be 12 nm/V which agrees well with the sensitivity (12.09 nm/V, Fig. 12) obtained in time domain. As
shown in Fig. 14, the bandwidth was found to be 27 kHz. The damping ratio of the cantilever actuator can
also be calculated using the frequency response function. According to the half-power method, the
damping of a system  is given by [36]

 

2 f
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where f is the frequency span formed by two frequencies with magnitude 3 dB smaller than the peak
(Fig. 15). The damping was calculated to be 0.15% which corresponds to a quality factor Q of 333 in free
air. The Q value is about two times bigger than that of a similar cantilever measured 100 nm above the
surface [28]. The lower Q value close to the surface is due to squeeze film damping.
5. Conclusions
Analytic formulas for the resonant frequency, actuation sensitivity and force-deflection-voltage behavior
of piezoelectric cantilever actuators have been developed. Unlike in previous models where the
formulations for deflection and force were given separately, this study presents a unified governing
equation which is more convenient to use for actuator design. The resonant frequency and sensitivity were
found to be independent of the width of the cantilever. For less power consumption, a wider cross section
is preferred for piezoelectric cantilever actuators.
A ZnO microcantilever was designed to operate in the frequency range of 20 kHz which is the
desirable bandwidth for the AFM tapping mode [13]. The fabricated ZnO cantilever actuator was
characterized for its resonant frequency and actuation sensitivity. The impedance analysis and frequency
response function both accurately identified the 1st bending resonance. Time responses to excitations of
different waveforms were obtained, and sinusoid driving showed least transient effect. The actuation
sensitivity characterized in time domain agreed well with that in the frequency domain. The ZnO
cantilever demonstrated good linearity at 15 kHz. For driving voltages ranging from 2 V to 6 V, the
maximum tip deflection and actuation force can reach 60 nm and 90 N, respectively. The specifications
of the ZnO microcantilever also suit applications such as flying height control of magnetic head sliders in
hard disk drives, which demands nanopositioning of a mass (0.6 mg) at frequencies up to 15 kHz [37, 38].
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