Journal of Micromechanics and Microengineering

PAPER

. . . Recent citations
Piezoelectric nanoelectromechanical systems .
- EXperimental analysis or nonlinear

integrating microcontact printed lead zirconate resonancesin piezoslectic plaes with
tltanate flImS Arthur Givois et al

To cite this article: Daisuke Saya et al 2020 J. Micromech. Microeng. 30 035004

View the article online for updates and enhancements.

This content was downloaded from IP address 132.174.254.159 on 10/11/2020 at 16:33


https://doi.org/10.1088/1361-6439/ab60bf
http://dx.doi.org/10.1007/s11071-020-05997-6
http://dx.doi.org/10.1007/s11071-020-05997-6
http://dx.doi.org/10.1007/s11071-020-05997-6
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssvcOsFy_YVksVvXicLDSqIXAjH0SnHzMryMetancvt7l_9fz_SmAR-KQ4B-yTmIDFYaSMmZqmK9IrcTk_jXod2nls9gEIyjmwE0g4PeStlL905LnU0MzoQWVVLW0GOWSEuXfL3ov6vVbmUVkM6EPVFx74VGVji5X5fLdfKDJ511zB7TNaAgMzbW6p0AMZ87zxmhONt8Ip2pGlC7mQnn3-KJnb9oDZt-q22Nv_n4ioD84fwsYqr&sig=Cg0ArKJSzGoJhZSwpXCa&adurl=http://iopscience.org/books

10P Publishing

Journal of Micromechanics and Microengineering

J. Micromech. Microeng. 30 (2020) 035004 (16pp)

https://doi.org/10.1088/1361-6439/ab60bf

Piezoelectric nanoelectromechanical
systems integrating microcontact
printed lead zirconate titanate films

Daisuke Saya'®, Denis Dezest', Aaron J Welsh?, Fabrice Mathieu',
Olivier Thomas3®, Thierry Leichlé', Susan Trolier-McKinstry?>

and Liviu Nicu!

I LAAS-CNRS, University of Toulouse, 7 Avenue du Colonel Roche, 31077 Toulouse, France
2 Department of Materials Science and Engineering and Materials Research Institute,
The Pennsylvania State University, N-227 Millennium Science Complex, University Park, PA 16802,

United States of America

3 Arts et Métiers, Laboratoire des Sciences de I’Information et des Systemes (LISPEN EA 7515),

8 boulevard Louis XIV 59046 Lille, France

E-mail: dsaya@laas.fr

Received 26 September 2019, revised 25 November 2019
Accepted for publication 11 December 2019

Published 30 January 2020

Abstract

®

CrossMark

A piezoelectric nanoelectromechanical system (NEMS) with integrated actuation and
detection capabilities was fabricated using lead zirconate titanate (PZT) thin films patterned
by microcontact printing. PZT-coated cantilever resonators of various dimensions were
fabricated to assess the variability in PZT properties as a function of the device dimensions;
the microcontact-printed PZT was 281 nm thick. PZT layers of the cantilevers were poled at
107kV cm~! and 150 °C to improve their piezoelectric properties. It was demonstrated that
PZT piezoelectrics can be utilized for simultaneous actuation and detection of resonance. The
PZT cantilevers were analytically modelled to estimate values of their piezoelectric coefficient
ds1. Mechanical tip displacement detection of the cantilevers by laser vibrometer was also

carried out to validate the estimation of d3.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Over the last decade, advances in nanofabrication technology
and electromechanical systems have led to the emergence
of nanoelectromechanical systems (NEMS). NEMS-based
resonators have significantly enhanced device performance
through size reduction [1-12]. Specifically, mechanical
resonators with free-standing structures of nanometer scale
cantilevers or bridges have high sensitivities for mass sensing
applied to gas [4, 5] and biomolecule [6, 7] detection. NEMS
structures are fabricated two ways; bottom-up fabrication
produces nanoresonators with potentially smaller sizes and
thus higher sensitivities in mass detection [4, 5], top-down

1361-6439/20/035004+16$33.00

fabrication techniques enable mass production and integration
with electrical circuits [6—12].

Piezoelectric films, which translate mechanical energy
into electrical and vice versa, have widely been used for
microelectromechanical systems (MEMS) transduction, i.e.
actuation and detection [9-21]. Of the various transduction
mechanisms used in MEMS devices, piezoelectricity requires
relatively low actuation voltage and offers the possibility
of sensing, resulting in integrated devices that are compact,
and thus potentially portable [13-16, 20, 21]. In this regard,
piezoelectric films could be particularly advantageous for
transduction in NEMS, since there are few solutions suited to
both actuation and sensing at this scale. However, studies have

© 2020 IOP Publishing Ltd  Printed in the UK
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shown that some sputtered PZT films on NEMS resonators
displayed reduced performance [17, 18], likely as a result of
a deterioration of the films’ piezoelectric characteristics with
reduced thickness. Recently, microcontact printed PZT films
were found to retain their characteristics with reduced lateral
dimensions and thicknesses [19, 20]. Our group has already
fabricated cantilevers with microcontact printed PZT films
and has verified simultaneous actuation and detection capa-
bility [20]. In this work, more cantilevers geometries have
been explored which allows the role of dimension on the ds,
value to be assessed.

The aim of this work is thus to prove that microcontact
printed PZT films are good candidates for efficient NEMS
transduction. For this, silicon cantilevers of various dimen-
sions integrating microcontact printed PZT thin film were
fabricated and characterized. The PZT cantilevers were
assessed for piezoelectric excitation and detection. The effect
of poling on the piezoelectric characteristics of the PZT was
investigated. Then, the PZT cantilevers were analytically
modeled as laminated beams for estimations of their piezo-
electric coefficient d3;, with a measure of the electrical charge
created in the piezoelectric layer for a given excitation voltage
around a given resonance. This method was also validated by
resonance measurements by means of a laser vibrometer.

2. Fabrication of silicon cantilevers
with microcontact printed PZT film

Fabrication of PZT-coated cantilevers was carried out using
SOI (silicon on insulator) wafers with a 340nm top Si layer,
1 pm thick buried SiO; and a 525 pm thick bulk Si handle
wafer. An ultraviolet (UV) stepper photo repeater (I-line FPA
3000 Canon Inc.) was used for all lithography steps since high
resolution and precise alignments were desirable for top-down
NEMS fabrication.

First, a 100nm thick SiO, film was grown by thermal
oxidation and a 60nm thick hafnium dioxide (HfO,) film
was deposited by atomic layer deposition (ALD) to create
a barrier against Pb diffusion (figure 1(1)). The deposition
occurred at 200 °C with a chamber pressure of 0.72 Torr. The
reactant pulse time for H>O and tetrakis(ethylmethylamino)
hafnium (TEMAH) was 0.03 and 0.15s respectively, with a
purge time of 10s between each pulse. These cycles were
repeated 619 times to create an amorphous 60 nm thick HfO,
layer which was crystallized with a 700 °C heat treatment in
an O, ambient for 1 min. A 30nm titanium adhesion layer
was sputtered at room temperature using a power of 200 W,
a bias of 460 V, a current of 0.47 A, a deposition pressure of
2 mTorr, and an Ar flow rate of 8sccm, for 300s. Without
breaking vacuum, a 125 nm Pt bottom electrode was sputtered
at room temperature using a power of 200 W, a bias of 580V,
a current of 0.34 A, a deposition pressure of 2.5 mTorr, and
an Ar flow rate of 11sccm, for 417s (figure 1(2)). Next, the
cantilever was defined by reactive ion etching (RIE). For this
purpose, after patterning a photoresist layer with the stepper,
a 540nm nickel layer to be used as the hard mask during ion
etching was deposited by electroplating. Successive reac-
tive ion etching of Pt, Ti, HfO,, SiO, and top Si layer was

performed until reaching the buried SiO; layer (figure 1(3)).
Then, the nickel hard mask was removed using the nickel
etchant TFB (Nitric acid aqueous solution). Microcontact
printing of the PZT film was then performed on top of the
electrode patterned on the silicon structure (figure 1(4)). For
printing, a PZT sol-gel solution (1% Mn doped, with atomic
percentage Pb = 110%, Zr = 30%, Ti = 70%, Mn = 1%),
from Mitsubishi Materials was spin-coated onto a polydi-
methylsiloxane (PDMS) stamp with a polyurethane layer that
improved wetting of the PZT solution [19]. The PZT sol-gel
solution was transferred onto the entire surface of the chip
by manually pressing the stamp, and the film was pyrolyzed
at 350 °C for 300s and subsequently crystallized at 650 °C
for 60s. This printing process was repeated seven times to
achieve a final film thickness of 281 nm 4+ 7nm (figure 1(4)).
The resulting films showed microstructures characteristic
of the perovskite phase, with a small amount of pyrochlore
observed at triple points. Printed 30/70 PZT features exhib-
ited a relative permittivity of 500 and a loss tangent of 0.9%.
The hysteresis loops were well formed, without pinching of
the loops. The patterned features showed remanent polariza-
tions of 27 uC cm™2, and coercive fields of 110kV cm™'.
Since the cantilever and bottom electrode was defined before
the PZT printing step, as shown in figure 1(3), there was no
need for precise alignment during stamping to achieve PZT
film patterning on the cantilever.

In order to access the bottom electrode, the PZT film was
patterned by wet etching in buffered hydrofluoric acid (BOE)
after a photolithography step using SPR1813 photoresist
(figure 1(5)). Then, the Ti/Pt bottom electrode was patterned
by reactive ion etching with a 6 pm thick photoresist mask
(figure 1(6)) and a 30 nm thick Pt top electrode was patterned
by lift off (figure 1(7)). For this step, ZEP520A electron
beam resist was patterned via electron beam lithography
(EBPG 5200, Vistec) using a beam current of 40 nA, a dose of
365 1C cm™2, an aperture size of 400 um, and a beam step
size of 25 nm. After development of the photoresist, the Pt was
sputtered and lifted off.

The next step was dedicated to patterning the ground plane,
in order to allow the top Si layer of the SOI wafer to be electri-
cally grounded (not shown in figure 1). This process consisted
first of etching the HfO, and SiO; films to expose the top Si
layer everywhere on the chip surface, except at the electrode
and cantilever locations. Then Ti/Al (100nm/700nm) was
deposited on the exposed Si surface. This metallization of
Ti/Al was done at the same time as the metallization of the
electrical circuits in the following step (figure 1(9)). As
discussed in section 3.1, this step eliminated the parasitic
capacitance between the electrodes and the device Si layer.

In order to prevent electrical shorts between the bottom
electrode and the Ti/Al electrode deposited in the following
process, a 100nm thick Si3N, insulating film was patterned by
lift-off using a bi-layer 300nm thick LOR3A and 1 pm thick
ECI photoresist (figure 1(8)). The LOR3A layer was used
to facilitate the lift-off process due to the re-entrant profile.
The Si3Ny insulating film was deposited by inductively-cou-
pled plasma chemical vapor deposition (ICPECVD) in order
to ensure a uniform and conformal deposition over the step
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(0) so1 wafer

(1) Passivation: SiO2 (100nm) + HfO, (60nm)

(2) Bottom electrode deposition:
TiO,/Pt (30/100nm)

(3) Cantilever profile definition

—

(4) Microcontact printing of PZT

(5) PZT patterning

&

(6) Patterning of bottom electrode

&L

(8) Insulation Si3N4

(9) Electrical circuits metallization:
Ti/Al (100/700nm)

=

(10) Structures release

(7) Patterning of top electrode

Figure 1. Fabrication process of free-standing silicon cantilevers with microcontact printed PZT films. (0) SOI wafer, (1) passivation: SiO,
(100nm) + HfO, (60nm), (2) bottom electrode deposition: TiO,/Pt (30/100nm), (3) cantilever profile definition, (4) microcontact printing
of PZT, (5) PZT patterning, (6) patterning of bottom electrode, (7) patterning of top electrode, (8) insulation: Si3N4 (100nm), (9) electrical

circuits metallization: Ti/Al (100/700nm), and (10) structures release.

Figure 2. SEM images of cantilevers with microcontact printed PZT films. (a) Short (10 xm long), (b) medium size (35 pm long) and (c)

long (150 pm long) PZT coated cantilevers.

formed by the bottom electrode and PZT layer. Electrical con-
nections were made by lift-off patterning of 100 nm/700 nm Ti/
Al using 2.6 pum thick nLOF photoresist (figure 1(9)). Finally,
backside etching for cantilever release was performed by deep
reactive ion etching of the handle Si wafer using a 40 pm thick
AZAOXT photoresist mask, followed by etching of the buried
Si0, layer (figure 1(10)). Scanning electron microscopy pho-
tographs of the fabricated PZT covered cantilevers are shown
in figure 2.

Each cantilever is a multilayer composed of 300nm thick
Si, 100nm thick SiO,, 60nm thick HfO,, 30 nm/100 nm thick
Ti/Pt layers as the bottom electrode, 28 1 nm thick microcontact

printed PZT layer, and 30 nm thick Pt top electrode, as shown
in figure 3. An unreleased cantilever with exactly the same
structure was integrated onto the same chip, serving as a
reference to compensate the static capacitance of the piezo-
electric stack during electrical characterization, as described
in section 3.1.

Three different types of cantilevers (depicted in table 1)
were designed in order to study possible dimensional effects
upon PZT film properties: the short cantilevers are 10 m long
and 2 pum wide. The medium size cantilevers are 35 pm long,
5 pum wide. Lastly, the long cantilevers are 150 pm in length
and 30 pum in width.
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Ti/Al (100/700nm) : electric trace

sisN4 (100nm) \

isolation

buried SiO2 (1um)

PZT (281nm)

e

top electrode: Pt (30nm)

bottom electrode:
Ti/Pt (30/100nm)

isolation: HfO2 (60nm)

isolation: SiO2 (100nm)

Figure 3. Scheme of the integrated piezoelectric stack.

Table 1. Dimensions of the fabricated cantilevers.

Short Medium  Long

cantilever cantilever cantilever
Length 10 pm 35 um 150 pm
Width (except top Pt layer) 2 ;m 5 pm 30 pum
Width (top Pt layer) 1 ym 3 pm 26 pm

3. Measurement of the cantilever resonance
frequency using the PZT piezoelectric response

3.1. Electrical set-up

A schematic of the apparatus used for resonance frequency
measurements [16, 20] is shown in figure 4. To operate the
device, a sinusoidal voltage V| was applied between the top
and bottom electrodes on the piezoelectric layer, leading to the
motion of free-standing cantilevers due to the converse piezo-
electric effect. An opposite voltage —V, was also applied to an
unreleased structure with the same dimensions which served as
a reference to reduce the effect of the static capacitance of the
PZT layer. The charges generated by the two structures were
collected by the common bottom electrode and were amplified
through a charge amplifier (1 V/pC gain). The signal was then
injected into a demodulator to extract both amplitude and phase.

The top Si layer was grounded to eliminate the charges
generated by the parasitic capacitances C; and C,, and the
charges from Cs were compensated by the reference; where
C is the parasitic capacitance between the top electrode trace
line and the top Si layer of the SOI, C; is the parasitic capaci-
tance between the bottom electrode line and the top Si layer
of the SOI, C; is the static capacitance of the PZT (dielectric)
layer sandwiched between the top and bottom electrodes, and
Chot 18 the motional capacitance corresponding to the charges
generated by the PZT layer during the resonator motion due to
the direct piezoelectric effect.

3.2. Detection of resonance frequency by piezoelectrical
response and effect of poling on PZT fims

Using this electrical set up, the resonance frequencies of the
medium size and long PZT cantilevers were detected through

their piezoelectric responses. At first, the measurements were
done without poling treatment of the PZT films. In order to
improve the PZT layer properties and obtain a larger amount
of charges upon cantilever deflection, the PZT was poled [20,
22-29] by applying 3 V between the top and bottom elec-
trodes (i.e. 107kV cm™! across the 281 nm thick PZT layer)
at a temperature of 150 °C. A commercial Cascade Summit
12000 probe station allowed the Si chips to be heated while
placing needle probes on the electrodes in order to pole the
PZT and a Keithley 4200 was used to apply the DC voltage
between the top and bottom electrodes.

The frequency spectra of the first mode resulting from the
charges generated by the PZT layer with variation of poling
time are shown in figure 5. In the case of the long cantile-
vers (figure 5(a)), even before poling, the resonance frequency
could be detected using an actuation voltage (V) of 100 mV as
shown in figure 5(a) ‘Before poling’. After 15min of poling,
the amplitude of the resonance peak increased by 33%. By
poling for 120 min more (for a total of 135min), the charges
generated at the resonance peak increased further to 230 fC
(from an unpoled value of 120 fC). The detected resonance
frequency of the first mode was 18.3kHz and quality factor
in air was 67. The second and third modes were also detected:
102.3kHz with a Q factor of 182 and 291.6kHz with a Q
factor of 266, respectively.

In the case of the medium size cantilevers (figure 5(b)),
the effect of poling was more remarkable. Before poling, the
charge detected at resonance was only 1.4 fC for an actua-
tion voltage of 700 mV. However, after 15 min of poling, the
charges generated at resonance were found to dramatically
increase up to 10 fC for an actuation voltage of 100 mV. By
applying the poling protocol for 120 min more (for a total of
135 min), the generated charges further increased to 29.6 fC.
The detected resonance frequency of the first mode was
473kHz and the quality factor in air was 223. The second
mode was 2.36 MHz with Q factor 388. For both long and
medium size cantilevers, extending the poling treatment to a
total of 255 min (120 min more) did not lead to any observable
enhancement of the generated charges level (data not shown).
Thus, 135 min of poling time maximized the PZT properties.
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Figure 4. Schematic sketch of electrical detection. (a) Electrical connections of the device, and (b) details of the measurement electronics

including the electrical model of the cantilevers.

As for the short cantilever (10 ym in length, 2 pum in
width), figure 5(c) shows that before poling, the resonance
frequency could not be detected. However, after performing a
135 min poling step, the resonance frequency was detectable.
The amount of charges generated at resonance was 0.56 fC
for an actuation voltage of 20 mV. The measured resonance
frequency was 5.72 MHz with a quality factor in air of 381.
Hence, the capability of simultaneous actuation and detection
of the cantilevers using microcontact printed PZT layers was
validated even with the short cantilever.

For the medium and short cantilevers, the measured first
mode resonance frequencies of 473kHz and 5.72 MHz,
respectively, are about 8% smaller than the simulated value of
508.0kHz and 6.215 MHz, obtained with the analytical model
of a laminated beam described in section 4.1 [30, 31]. As will
be discussed in sections 4.1 and 4.5, these slight differences
may be attributed to non-ideal clamping of the cantilevers.

In the case of the long cantilever, the measured fundamental
mode was 18.2kHz while the simulated one was 27.75kHz.
Hence, the difference between experimental and theoretical
resonance frequency values reaches 52% in the case of long
cantilevers. This large discrepancy is believed to be a con-
sequence of a decrease in the cantilever’s thickness due to

overetching during fabrication. According to the analytical
model which will be mentioned in section 4.1, the Si layer
thickness of the long cantilever may be decreased to 90 nm.
It is because of non-uniformity in etching speed of the deep
reactive ion etching of the handle Si wafer during the release
of the cantilever structures (figure 1(10)). The etching speed
is slower on the edge of the etching patterns. The medium and
the short cantilevers are situated on the edge of the etching
patterns. Hence, while the etching for releasing long cantilever
is about to be finished, the medium and the short cantilevers
are not yet released. To complete the release process of all
cantilevers, the long cantilevers may suffer from overetching.

As can be seen in figure 5, the measured resonance frequen-
cies slightly increase after the 135 min poling treatment, for
the long cantilever from 18.2 kHz (before poling) to 18.3kHz
(after 135min poling) and for the medium cantilever from
466.6kHz (before poling) to 473.2kHz (after 135 min poling).
This results can be attributed to the remanent strain induced
by the alignment of the PZT dipoles towards the direction of
the applied field during poling [24, 25]; the resulting in-plane
contraction [26, 27] should have produced a curvature change
of the cantilevers. For these poling conditions, aging [28, 29]
was limited, as demonstrated by the stability of the resonance
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Figure 5. Resonance spectra with variation of poling time. (a) 150 pm long cantilever actuated with V; = 100 mV, (b) 35 pm long
(medium size) cantilever actuated with V; = 700 mV before poling and 100 mV after poling, and (c) 10 ym long (short size) cantilever

actuated with V; = 20 mV after poling.

peak amplitudes during measurements spanning a period of
two months.

4. Estimation of the piezoelectric coefficient d3;

Estimation of the piezoelectric coefficient d3; was done
by modeling the PZT cantilever as a laminated beam and
by comparing the result of the model to two sets of exper-
imental results at a particular resonance. First, the motional
capacitance Cp Was obtained from impedance data at reso-
nance, from which the piezoelectric response was extracted.
Secondly, the displacement of the tip of the cantilever as a
function of the voltage applied to the piezoelectric layer was
detected by a laser vibrometer. This was modeled using equiv-
alent single layer beam theory for the laminated beam, with
all details given in the appendix. The following section pres-
ents a comparison of the analytical model and finite element
model (FEM, ABAQUS) used for model validation and then
the method used to determine the d3; coefficient.

Table 2. Properties of layers of the cantilever [32, 33].

Thick- Mass densi- Young’s mod-
ness (nm) ty (kg m—?) ulus (GPa)

Pt (top) 30 21450 145

PZT 281 7800 105

Pt (bottom) 100 21450 145

Ti 30 4510 110

HfO, 60 9700 57

SiO, 100 2150 70

Si 300 2500 169

4.1. Validation of the beam model with finite element compu-
tations—modal analysis

As explained in the appendix, the kth natural frequency is
given by the equivalent single layer beam model of the canti-
lever [30]:

_ B

= 1
2rL )

D
Ji —
m
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(a) 150 pm long cantilever

(b) 35 um medium cantilever

(c) 10 um short cantilever

Figure 6. Meshes used in the FE computations. (a) The long cantilever, (b) the medium cantilever and (c) the short cantilever.

(a) 150 pm long cantilever
— 1% mode

(b) 150 um long cantilever
— 2" mode

(c) 150 um long cantilever
— 3" mode

(d) 35 um medium cantilever
— 1" mode

(e) 35 pm medium cantilever
— 2" mode

(f) 10 um short cantilever
— 1** mode

Figure 7. Mode shapes of some bending modes of the cantilevers obtained by finite element simulations with ABAQUS. (a) 1st mode of
the long cantilever, (b) 2nd mode of the long cantilever, (c) 3rd mode of the long cantilever, (d) 1st mode of the medium cantilever, (e) 2nd

mode of the medium cantilever, and (f) 1st mode of the short cantilever.

with 8 = 1.875, B, = 4.694, etc and where D is the bending
stiffness and m is the mass per unit length of the beam. These
results were compared with a 3D finite element model of
the structures, built in the commercial code ABAQUS. The
three cantilevers defined in tables 1 and 2 were considered
[32, 33]. The finite-element meshes are shown in figure 6.
Each physical layer of the cantilevers is meshed with one
layer of hexahedral finite elements with 20 nodes and qua-
dratic shape functions (C3D20 finite elements), that include
electric degrees of freedom for the PZT layer (C3D20E finite
elements). The convergence was checked with refined meshes;
those results are less than 0.1% different than the meshes of
figure 6. Figure 7 shows the mode shapes of some bending
modes of the cantilevers obtained by finite element simula-
tions with ABAQUS.

Figure 8 and table 3 show the natural frequencies of the
beam obtained by the single layer model as a function of the
ones obtained by the finite element computations. A differ-
ence of about 3% is observed between the two approaches.
Considering the aspect ratios of the cantilevers (close to a thin
plate for the 150 pom long cantilevers and close to a thick beam
with a small aspect ratio for the 10 pm short cantilevers), as

well as their complex lamination (seven layers), this error
can be considered very small, which validates the equivalent
single layer beam model. We also compared the natural fre-
quencies of the cantilevers for different electrical boundary
conditions (without piezoelectric effects, PZT layer in short
circuit and PZT layer in open circuit) with d3; = 10 pm V™!
for the piezoelectric coefficient. Differences less than 0.1%
where noticed, which is consistent with the small piezo-
electric coupling factor (less than 1%) associated with this d3;
value (see [34] for details about the piezoelectric effect on the
natural frequencies in short and open circuit and their relation
to the electromechanical coupling factor).

The experimental frequencies of the cantilevers of sec-
tion 3.2 are also shown in figure 8. A line of slope 1 is provided,
showing good agreement between the experimental and theor-
etical values of the resonance frequencies. It is notable that
the experimental natural frequencies are smaller than those
predicted by the theory. This can probably be explained by
the non-ideal clamping with a smaller stiffness in experiments
than in theory, as will be shown in figure 14, as well as some
unavoidable uncertainties on the material constants values of
the six materials used in the complex lamination of the beams.
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Figure 8. Experimental (Exp.) resonance frequencies and finite element (ABAQUS) natural frequencies as a function of theoretical
(equivalent single layer beam theory) natural frequencies of the cantilevers. The dashed line has a slope of one.

Table 3. Comparison of natural frequencies from the equivalent single layer beam theory and the reference 3D finite element computation.

35pm medium 10pm short
150 pm long cantilever cantilever cantilever
Mode 1 Mode 2 Mode 3 Mode 1 Mode 2 Mode 1
Single layer beam theory [kHz] 27.75 173.95 487.06 508.03 3184.1 6214.5
Finite elements [kHz] 27.09 169.54 475.44 492.63 3074.8 5985.90
Error [%] 2.39 2.53 2.39 3.0 3.4 3.68

In the case of the long cantilever, the reduction in exper-
imental natural frequency was caused by overetching during
fabrication, as discussed in section 3.2.

4.2. Validation of the beam model with finite element
computations—frequency response functions with
piezoelectric effect.

The mechanical frequency response (FRF) of the cantile-
vers determined by the equivalent single layer theory and
by realistic finite-element computations was compared. A
sinusoidal voltage of frequency €2 was applied to the PZT
layer V (t) = VocosQt. The resulting tip displacement
w; () = wy cos (1t + ¢) of the cantilevers by both models
was then calculated and compared. The amplitude of the
frequency response is simply H (2) = w;/Vj. For the finite-
element computations, the frequency response is obtained at
each frequency {2 with an inversion of the dynamical stiffness
matrix (direct steady-state dynamics in ABAQUS). A mass-
proportional damping is used, for which the damping matrix
is C = aM, where M is the mass matrix. a was chosen so
that quality factors between 10 to 200 were obtained for the
modes of interest for the three cantilevers (short cantilever:
a = 10° s7!, medium cantilever: « = 50 - 10° s7, long canti-
lever: a = 20 - 10 s71). For the kth angular natural frequency,
wy, computed by the finite element model, Qy = wy /. For
the analytical model, equations (A.11) and (A.14) in the

appendix are used. All the other parameters (xx, m, L) were
computed with the geometrical and material characteristics of
the cantilevers (tables 1 and 2). Moreover, the width b, of the
piezoelectric layer used in equation (A.4) in the appendix to
compute the piezoelectric constants © and = was set equal to
the top electrode width (see table 1), since most of the electric
field lines created in the PZT layer encompass the volume just
below the top electrode. Besides, in the analytical model, the
electric field in the piezoelectric layer is independent of y.

Figure 9 shows H (2) for the three cantilevers, computed
by the single layer theory and the finite-element model. Very
good agreement is obtained for the three cantilevers, with a
slight underestimation of the frequency response by the ana-
lytical model. This effect is mainly observed in the case of the
first mode of the short cantilever. This can be explained by the
relatively large aspect ratio of this cantilever (the ratio between
its length and the cross-sectional thickness is 11 for the short
cantilever, see figure 10), for which the Euler—Bernoulli
theory is at its limits. Moreover, as shown in figure 10, there
are fringing electric field lines in the PZT layer that extend
beyond the top electrode, which results in an increased active
PZT volume with respect to that considered in the analytical
model. Those effects are smaller for the medium and the long
cantilever, with larger aspect ratios (38 and 166, respectively).
Given the good agreement between measured and modeled
response, the analytical model can be used for the d3; piezo-
electric coefficient estimations.
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Figure 9. Frequency response functions: tip displacement of the cantilevers for a unit voltage in the PZT layer as a function of driving
frequency. Comparison between reference finite element computation results with ABAQUS (orange lines) and results from the equivalent
single layer model (blue lines. Solid: 4 mode model; dashed: single mode model). (a) The short cantilever, (b) the medium cantilever,

(c) the long cantilever (1st, 2nd and 3rd modes), (d) 1st mode of the long cantilever, and (e) 3rd mode of the long cantilever.
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Figure 10. Deformed shape at the first resonance of the short cantilever with the electrical potential shown in color.

4.3. Estimation of the d3; coefficient

The d3; piezoelectric coefficient was estimated by mea-
suring the motional capacitance Cy, of the cantilevers (the
ratio between the number of piezoelectrically created elec-
tric charges and the input voltage) at a specific resonance.
The piezoelectric response in the analytical model was then
adjusted so that the modeled response fit the experimental data.
This method has been used successfully in a previous work
[18]. As shown in the appendix (equation (A.19)), the motional
capacitance Cp for the cantilevers can be written as:

_2
Y20 o7 (1)

mL3 w,f

@)

Ciot = ozd%l with o =

The o parameter (N m™")) is a function of the kth eigenmode
(quality factor Oy, natural frequency wy and mode shape slope
at the tip ®;), the Young’s modulus of the PZT layer Y, the
length L of the cantilever and the piezoelectric constant ©’
proportional to the PZT layer mean height with respect to the
neutral line of the cantilever.

For each cantilever, d3; is estimated by:

Cmot (3)

dy =

where Cy, is obtained by recording the resonance spectra
as a function of actuation voltage and « is computed using
the values of tables 1 and 2 for ¥,,, L and ©’, the theoretical
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the generated charge at the resonance peak as a function of actuation voltage. (1) The long cantilever, (2) the medium cantilever and (3) the
short cantilever.

mode shapes for ®; (equation (A.10) in the appendix) and the treatment). A plot of the generated charges as a function of
experimental values of Q and wy. actuation voltage at resonance shows excellent linear behavior

Figure 11(a) shows the 1st mode resonance response of (figure 11(b)), permitting determination of the experimental
the motional capacitance (for cantilevers after 135min poling values of Cp. In the case of the long PZT cantilever, the

10
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Table 4. Evolution of d3; (pm V1) values, resonance frequencies and Q factor as a function of poling time.

Poling time Before poling 15min 135min 255min
Long cantilever d31 (pmV~") 5.1 6.0 7.2 7.1

Resonance (kHz) 18.2 18.0 18.3 18.3

Q factor (in air) 66 65 67 67
Medium cantilever d3 (pm V™) 1.2 9.0 14.2 13.9

Resonance (kHz) 466.6 467.4 473.2 472.9

Q factor (in air) 208 185 223 228
Short cantilever d31 (pm V™) Undetectable Not estimated 115 10.9

Resonance (MHz) Not measured 5.72 5.71

Q factor (in air) Not estimated 381 382

applied voltage V varied from 25 mV to 125 mV (figure
11(1)) and in the case of the medium PZT cantilever, it varied
from 50 mV to 300 mV (figure 11(2)). The average quality
factor and experimental values of Cy,, were estimated to be 67
and 223, and 2.306 fC mV ! and 0.296 fC mV !, respectively
for the long and medium cantilever. For the short PZT cantile-
vers, with applied voltage V, ranging from 10 mV to 100 mV
(figure 11(3)), the average quality factor and the experimental
values of Cpo Were estimated to be 381 and 0.026 fC mV .

4.4. Estimated values of the ds; coefficient and its evolutions
with poling time

The piezoelectric coefficient d3; was calculated using the
motional capacitance Cy,o and quality factors estimated in the
previous section. Piezoelectric coefficients d3; of —6.9 £ 0.1
pm V!, —12.0 £ 20pm V' and -11.0 & 2.4 pm V! were
calculated respectively for the long, medium size and short
cantilevers for the first mode. These calculated values of d3;
were smaller than those previously reported [19, 21], where
values of d3; were estimated to be around 50 pm V~! for PZT
films with a thickness in the 100-200nm range. These lower
values are due to the use of a PZT composition off of the mor-
photropic phase boundary, as well as potential degradation
of PZT layer induced by the presence of hydrogen [35] most
probably during ICPECVD process for deposition of SizNy
film (figure 1(8)), even though annealing of 400 °C 30 min
in N, atmosphere was conducted to eliminate hydrogen mol-
ecules from the PZT layer.

The ds3; values were calculated for each poling time for
several cantilevers of each size. The evolution of d3; values as
a function of poling time are shown in figure 12 and table 4. In
the case of the medium size cantilever, the generated charges
at resonance before poling treatment were very low (1.4 fC
with 700 mV actuation voltage), leading to 1.2 pm V~! for
the d3; coefficient which is not unexpected for an unpoled
piezoelectric. However, after 135 min of poling, the d3; value
became comparable to that of the PZT film integrated into the
long cantilever. As for the short cantilever, the d3; value was
also comparable to that of the long cantilever PZT film after
the poling process. The d3; values did not show any signifi-
cant increase when the poling time exceeded 135min. The
small effective d3; values of the medium and small cantile-
vers before poling may be attributed to a number of factors,

1

including changes in the defect chemistry of the films, imper-
fect boundary conditions for the mechanical devices, the
size of the top electrode relative to the device dimensions,
etc. Hence poling times as long as 135min were required
to saturate the polarization, while, for the long cantilever, a
poling time of 15 min was enough.

It should be noted that saturated d3; values in the long
cantilever is smaller than those of medium and small canti-
lever. This is attributed to fringing of the electric field through
the PZT film. As shown in table 1, the width of the top elec-
trodes is smaller than that of the other layers. In the analytical
calculation, the effective electric field through the PZT film
is assumed to be confined to the top electrode dimension.
However, in reality, the electric field through the PZT fringes
beyond the bounds of the top electrode because the bottom
electrode width is larger than the top electrode. This effect can
be seen in the FE modelling shown in figure 10 in section 4.2.
This fringing field through the PZT film is more remarkable
for the short and medium cantilever, because the relative width
differences between top electrode and PZT film are larger.

Table 4 also indicates the changes in resonance frequen-
cies, d3; values and quality factors as a function of poling time
for long, medium size and short cantilevers. As mentioned in
section 3.2, poling treatment might lead to either changes in
the mechanical characteristics of the PZT films or additional
beam curvature. In general, the resonance frequencies of the
cantilevers decrease after the first 15 min of poling, but after
further poling, the resonance frequencies tend to increase
along with the d3, values.

4.5. Validation with mechanical frequency response
measurements

To validate the dz; estimation method, the tip deflection of
the cantilevers was measured using a Polytec MSA-500
laser vibrometer. The cantilevers were excited with a voltage
signal (a periodic chirp) applied to the PZT and the velocity
of several points on the cantilevers were measured. Figure 13
illustrates the deformed shape of a 150 m long cantilever at
its first three resonances, showing excellent qualitative agree-
ment with the theoretical mode shapes of a cantilever beam.
Figure 14(a) gives the deformed shape of a 35 ym medium
cantilever around its fundamental resonance. To provide
more quantitative insight, a detailed view of the anchor with



J. Micromech. Microeng. 30 (2020) 035004

D Saya et al

dz1 (pm/V)
16

—e—Long cantilever

14

12

—
——Medium cantilever

/

e

—8—Short cantilever

10

r

'f

0
min

15 min 135 min

255 min
Poling time

Figure 12. Evolution of d3; (pm V™) as a function of poling time (107kV cm~" at 150 °C), for short, medium and long size cantilevers.

A

(a) 1mode: 18.34 kHz

(b) 2™ mode : 102 kHz

(c) 3"'mode : 292 kHz

Figure 13. First three bending mode shapes of a 150 ym long cantilever measured with the laser vibrometer. (a) 1st mode, (b) 2nd mode,

and (¢) 3rd mode.

magnified amplitude is also given in figure 14(b), showing
that, as suspected in section 4.1, the clamping of the canti-
lever is not perfect. Figures 14(c) and (d) show that the ratio
between the maximum amplitude to the amplitude at the theor-
etical clamping zone (x = 0) is very small, of the order of 1%.
Similar results for non-ideal clamping have been observed
in [36].

The laser was then focused on the tip of a cantilever and the
frequency response H, (£2) was determined from the measured
velocity signal (obtained by fast Fourier transforms and aver-
aged over time) divided by the input voltage. The results are
identical to those obtained with a network analyzer and homo-
dyne detection. Figure 15 shows the tip frequency response of
a medium cantilever (with its fundamental resonance around
500kHz) and of a long cantilever (with its first three reso-
nance peaks). The short cantilevers frequency response was
not measured since the maximum detection frequency of the
laser vibrometer was 2 MHz, greater than their fundamental
frequency.

From the equivalent single layer theory described in the
appendix, the displacement amplitude at the tip of the canti-
lever wyy, at resonance, is:

W , Y,0'%; (1) @} (1
H(wk)%v—lj:'ydywnh*y: Oy mlfzguz) 4 ), (4)
3

12

which allows the piezoelectric constant to be estimated as:

H
&y = )
gl

(&)

Around a given resonance, the natural frequency wy, the
Q-factor and the amplitude of H, (wi) = wiH (wi) (H, is the
velocity frequency response, whereas H is in displacement)
were determined.

Table 5 shows the estimation of the d3; piezoelectric con-
stant obtained from the motional capacitance and the laser
vibrometer (mechanical response). The two methods are
reasonably close. The measurements of this section were
performed about 12 months after those of section 4.4. The
obtained values are a little smaller, probably due to aging of
the PZT layers.

The difference in dz; values between Mode 1 and Mode
3 may be attributed to non-uniformity in thickness along
the cantilever, which is due to the non-uniformity in etching
speed for releasing the cantilever structure in the fabrica-
tion process mentioned in section 3.2. This effect may cause
non-ideal vibration shape of the 1st and 3rd mode resonance,
which may cause variation in d3; values in different modes. It
should be noted that, for the medium cantilever, d;; values of
the motional capacitance and mechanical response estimation
are substantially different, 10.9 pm V~! for motional capaci-
tance estimation and 6.9 pm V! for mechanical capacitance



J. Micromech. Microeng. 30 (2020) 035004

D Saya et al

Theoretical clamping

Axial coordinate x/L
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Figure 15. Experimental frequency response functions: tip
displacement of the cantilevers for a unit voltage in the PZT layer as
a function of driving frequency, measured by the laser vibrometer.

Table 5. Estimated values of the d3; piezoelectric constant with
the motional capacitance method and the mechanical frequency
response method for two cantilevers of table 4.

Medium
Long cantilever 1 cantilever 2
Mode1l Mode3 Mode 1
Natural frequency [kHz] 18.3 291.6 446.8
Quality factor 67 298 223
d3) motional capacitance 7.2 8.3 10.9
estimation [pm V1]
ds; mechanical response 8.7 7.8 6.9

estimation [pm V~']

estimation. This large discrepancy in dz; values is believed
to be due to fringing fields through the PZT film as men-
tioned in sections 4.2 and 4.4, which is more remarkable in
medium cantilever than the long cantilever. For the mechan-
ical response estimation, this effect is very small.

13

In theory, the values of d3; should be the same for all canti-
levers and that the discrepancies on the estimated values of
ds; are large. However, two estimation methods have been
proposed (motional capacitance by piezoelectric response
and mechanical response by optical detection), each of them
being the best that can be efficiently done, but relying on some
uncertainties whose precise quantitative effect is difficult to
estimate: fringing effect, exact geometries of the cantile-
vers close to the clamping, thicknesses variations etc. So, an
average value of 10 pm V~! seems to be a good order of mag-
nitude of the obtained d5;.

5. Conclusions

Silicon based cantilevers integrating 281 nm thick micro-
contact printed PbZry3Tip;05; films were fabricated. The
resonance frequencies of the cantilevers were detected via
the piezoelectric response of the integrated PZT films, thus
validating the capability of simultaneous excitation and
detection of the PZT cantilevers even at small sizes (e.g.
10 pm-long and 2 pm-wide cantilevers had a resonance
frequency of 5.7 MHz and a Q factor of 381 in air). By ana-
lytical modelling of the PZT cantilevers and validations of
the modelling by finite element simulation, d3; was estimated
to be around 10 pm V~!. Thin PZT films for realization of
NEMS have been used for integrated actuation and detection
on a geometrically complex elastic structure. This estimation
of d3 piezoelectric coefficient was consistent with values
obtained from the mechanical response measured by a laser
vibrometer. Hence, microcontact printed PZT films with
poling treatment offer promising transduction schemes for
piezoelectric NEMS with integrated actuation and sensing
capabilities.
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Appendix. Single layer equivalent theory

As per the theory [30], a laminated beam composed of K € N
elastic layers is considered, where one layer is piezoelectric
(figure Al). The beam is clamped at x = 0 and free at x = L,
x being the axial coordinate. The kth layer (k = 1,...K)
is situated between heights zx—1 and z, z being the bending
direction; its thickness is i = zx — zx_ and its width (in the
y direction) is b;. A beam with a uniform cross section over
its whole length L is considered. This allows evaluation of
an equivalent single layer theory for the beam deformations,
with the plane cross section remaining plane and orthogonal
to the middle line (Euler—Bernoulli assumptions or classical
theory of laminate composites [34]). The deformation of the
beam in bending along z is characterized by the transverse
displacement field along this direction w(x, ) at time 7 and
axial position x, which is coupled to the voltage difference
V() between the electrodes of the piezoelectric layer and the
electric charge ¢(t) contained in its upper electrode. With this
theory, w(x, t) obeys the following equation [30]:

DW s + miv + O[3 (x — )], =0,
q — CV - @W,x|x:L - 09

Vxe [0 L] (A

where D is tll\e bending stiffness of the beam, m is its mass per
unit length, © is the piezoelectric coupling coefficient, C is the
blocked electric capacitance of the piezoelectric layer, 0 (x) is
the Dirac delta function, () , = 9()/0x and () = 9()/0t. The
electromechanical characteristics of the beam m, 13, @, Casa

function of the geometrical/material properties of the layers
are defined by:

R 132 - B F“2
D=D—-—, ©6=0--F, C=C A2
n a +— Al , (A2)
with:
K K
m= Zbkhkpk, A= Z by Yy
Zk 1 Z1271
B = Zbk Yoo D= kzlkaYk,
(A.3)
_ b,L
E:bpYPdSI, @:bpmypdﬂ’ C—633
2 h,
(A4)
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where Y and p; are the Young’s modulus and the mass den-
sity of the kth layer, p is the index of the piezoelectric layer
and d3; and €33 are its piezoelectric and dielectric constants.
D, A, B are respectively the bending, axial and axial/bending
stiffness parameters of the beam; ©, = are the bending and
axial piezoelectric parameters of the beam, respectively. The
modified parameters that appear in equation (A.1), denoted
with a hat (5, @, E‘), are independent of the vertical reference
z = 0 of the lamination, which can be chosen arbitrarily. It is
also possible to choose the vertical reference so that B =0,
which in this case leads to D =D, © = © and C = C. The
reader can refer to [30] for more details.

The eigenmodes of the beam in short circuit (V = 0) are
defined as follows. The natural frequencies, in [Hz], can be
computed from:

, =
wp B D
= —, with wy ==% —, (A.5)
o= g With we=15
and the mode shapes are
D, (%) =
. . sinf — sinhfy , . ~ . ~
cos Bix — cos h3ix + m (sin Bx — sin hfBx) ,
(A.6)
with X = x/L. f5; is the kth solution of:
1
= 0,
cosh 8 +cosf (A7)

because of the clamped — free boundary conditions, defined
by:

@, (0)

0, ®,(0)=0, @/(1)=0, @/ (1)=0,

(A.8)
where () = d()/dx. With equation (A.6), the mode shapes are
naturally normalized:

1
/ B2 (R)dx = 1.
0

With the above equations, the frequency parameters, the mode
shape amplitude at the tip (the free end) and the slope at the
same location are:

B =18751, B
& (1) =2, Vk,
@ (1) = 2.7530,
@/, (1) = 21.990.

(A9)

— 4.6941, P =7.8548, B4 = 10.996

P, (1) =9.5616, (1) = 15.697,

(A.10)

The equations of motion (A.1) are now expanded on the kth
eigenmode:

w(x, 1) = & (x)n (1), (A.11)

where 7(¢) is the modal coordinate. Thanks to the orthogo-
nality of the modes, the problem can be written as:

77+ nerknf ZV:O
q—CV+ XkN (A.12)
~~

Gmot

with the modal piezoelectric coefficient defined by:
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Figure A1. Sketch of the laminated cantilever beam composed of K layers.
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and where a linear modal damping term has been added, of
quality factor Q. The motional electric charge gmot, defined
in equation (A.12), is the part of the electric charge generated
by the piezoelectric coupling.

For the frequency response of the cantilever beam, if a
sine voltage V (f) = Vycos U is applied across the piezo-
electric layer, the modal coordinate and the motional
electric charge are sine functions, that are written 7 (1) =
RC(ﬁCijQl‘) = 7o COS (Qt + 50) and Gmot (t) = Rc(amot CijQ[) =
qo cos (Qt + ). With equation (A.12), the complex ampl-
itudes 77 = g expje and Guot = go €Xp 2P can be written:

70 =2 :
mL UJ]% - 02 + zjka/Qk

Vos  Gmot (Q) = Xkﬁ(Q) .

(A.14)
Both 77 (©2) and gme(2) display a resonant response as a func-
tion of €.

The response of the cantilever at the resonance frequency,
Q= wy, is:

X2 Ok

— Xxe@k
0= mLw?

= 0
mLw?

o Vo, (A.15)
Considering the one-mode approximation of equations (A.11)
and (A.13), the amplitude of the tip displacement at the kth

resonance can be written:

00, (1)@, (1)

mL?w? Vo-

wio = D (1) o = (A.16)

The motional capacitance, defined by the ratio of gg and Vj at
[31], is then:

Qk@2 2 (1)

Cmol =
mL3w?

(A.17)

Comparing equations (A.2) and (A.4) shows that Ois propor-
tional to Y,ds:

O = OY,d3, (A.18)

with é of dimension [m?]. As a consequence, equations (A.16)
and (A.17) can be rewritten:

~ ~2
wo _ Q0% (1) 2 (1) 23,0 22 (1) ,

d31 B Cmot =

Vo mL2w} mL3w} i
~—— N——
0l
(A.19)
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The parameters ~ (dimensionless) and a (homogeneous to
[N/m]), depend on the geometrical and material properties
of the beam (through parameters Y, O, m and L) and its kth
eigenmode (wy, Pk, Ok)-
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