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Abstract

The flexoelectric effect has been recently explored for its promise in electromechanical
sensing. However, the relatively low flexoelectric coefficients of ferroelectrics inhibit the
potential to develop flexoelectric sensing devices. In this paper, a multilayered structure using
flexoelectric barium strontium titanate (Bag ¢5Srg 35TiO3 or BST) ceramic was fabricated in an
attempt to enhance the effective flexoelectric coefficients using its inherent scale effect, and
hence to improve the flexoelectric sensitivity. The performances of piezoelectric and
flexoelectric cantilevers with the same dimensions and under the same conditions were
compared. Owing to the flexoelectric scaling effect, under the same force input, the BST
flexoelectric structure generated a higher charge output than its piezoelectric P(VDF-TrFE)
and PMN-30PT counterparts when its thickness was less than 73.1 um and 1.43 pum,
respectively. Also, amplification of the charge output using the multilayered structure was then
experimentally verified. The prototyped structure consisted of three layers of 350 wm-thick
BST plates with a parallel electric connection. The charge output was approximately 287% of
that obtained using a single-layer structure with the same total thickness of the multilayered
structure under the same end deflection input, which suggests high sensitivity sensing can be

achieved using multilayer flexoelectric structures.

(Some figures may appear in colour only in the online journal)

1. Introduction

Electromechanical sensors have been developed for au-
tomobiles, consumer electronics, biomedical instruments
and military systems in order to enhance overall system
performance. These sensors need to be small (micro- or
nanoscale) and lightweight to reduce the self-loading effect
and the cost of manufacturing. Among these different
types of sensors, piezoelectric sensors are widely used due
to their fast response time, wide frequency bandwidth,
ease of use, and low cost [1-4]. However, piezoelectric
sensors are being increasingly challenged: as the piezoelectric
dimensions are scaled down to the micro/nano domain,
the piezoelectricity in thin films and piezonanostructures is
significantly degraded [1]. Furthermore, de-poling is another
general concern for piezoelectric sensors [5]. Nevertheless,
it is important to point out that recent research on the
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flexoelectric effect has revealed flexoelectric sensing as an
alternative technique to piezoelectric sensing [6, 7].

The flexoelectric effect is known to have some
unique features in comparison with the piezoelectric
effect. First, all insulating solids exhibit flexoelectricity,
while piezoelectricity is confined to 20 crystal symmetry
groups, thus flexoelectricity offers more selection for
electromechanical sensing. In addition, flexoelectric materials
do not require poling because the effect is not based on
remnant polarization. Therefore flexoelectric materials do
not exhibit de-poling or ageing behavior [6]. In contrast,
ageing of piezoelectric ceramics occurs rapidly in the first few
hours after removal of the poling field [5, 8]. Of particular
significance is that, owing to the scaling effect, in contrast
to piezoelectric materials, flexoelectric materials are expected
to exhibit much higher sensitivity when scaled down to the
micro/nano domains [6, 9-11].

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Different types of ferroelectric materials, such as lead
magnesium niobate (PMN) [12], barium strontium titanate
(BST) [13], lead strontium titanate (PST), barium titanate
(BT) [14], lead zirconate titanate (PZT) [15] and polymers
such as polyvinylidene fluoride (PVDF) [16], polyethylene
terephthalate (PET), polyethylene and epoxy [17] have been
intensively studied for use in flexoelectric devices. Among
these, Bage7S10.33TiO3 showed the largest flexoelectric
coefficient (i1 ~ 100 £C m™') at its Curie temperature of
21°C. In addition to studies on flexoelectric materials, novel
flexoelectric structures with large induced strain gradients
have also been studied in order to improve the flexoelectric
properties. Bag ¢7Srg33TiO3 truncated pyramid arrays were
designed and fabricated to take advantage of increased strain
gradients [18]. Additionally, a flexural mode composite with
BST beams was prototyped with an effective piezoelectric
coefficient up to 4350 pC N~!, outperforming state of the
art lead-based piezoelectric materials [19]. Unimorph-typed
micro-cantilevers have also been studied to demonstrate
the scaling effect of different types of flexoelectric
materials [9, 17].

From previous studies, flexoelectric sensing structures on
the millimeter and centimeter scale showed relatively low
sensitivity compared to their piezoelectric counterparts [6].
Therefore, output amplification mechanisms are of interest
in enhancing the overall performance of flexoelectric
devices. Similar amplification mechanisms have been
studied in piezoelectric sensing. For example, piezoelectric
multilayered structures possess advantages over single-layer
piezoelectric structures in many aspects, including a quick
response, high voltage/charge sensitivity and high resonant
frequency [19-21].

In section 2 we describe a flexoelectric multilayered
cantilever structure using BST ceramic that was designed,
fabricated and tested. Charge output analysis from piezo-
electric and flexoelectric multilayered structures is presented,
followed by a comparison between charge outputs from a
flexoelectric single-layer and double-layer cantilevers using
an analytical model based on the Euler-Bernoulli beam
theory. In section 3 we describe experiments performed
on a flexoelectric multilayered cantilever. In section 4 we
compare the results to those from single-layer cantilever tests
and discuss the findings. We close with our conclusions in
section 5.

2. Flexoelectric cantilevers

Flexoelectricity refers to the generation of an electric
polarization response induced by a mechanical strain gradient
(direct flexoelectric effect) or a mechanical strain response
induced by an electric field gradient (converse flexoelectric
effect). The direct flexoelectric effect can be described by the
equation
88,']'

P = szkza—)%, (D
where P; is the flexoelectric polarization, p;x is the
flexoelectric coefficient (a fourth-rank polar tensor with
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Figure 1. (a) A schematic of a cantilever composed of one
supporting layer and two piezoelectric or two flexoelectric layers
and (b) side views of the electrical connections in piezoelectric (left)
and flexoelectric (right) cantilevers.

nonzero components (411, (12, (44 in a cubic crystal), &; is
the elastic strain and x; is the position coordinate.

2.1. Piezoelectric and flexoelectric cantilever model

The cantilever bimorph structures are usually composed of
two active layers (piezoelectric or flexoelectric) and one
supporting layer in between, as shown in figure 1(a). In the
piezoelectric case, when an external force is exerted at the end
of a cantilever, axial normal stress in the piezoelectric layers
induces electric polarization. Similarly, in the flexoelectric
case, an end force creates a normal strain gradient along the
thickness direction of the flexoelectric layers, inducing an
electric polarization.

Based on Euler—Bernoulli beam theory, the curvature «
of a cantilever under a bending moment induced by force F' at
the tip can be given as [22]

1 12FsY) sy,
=p=— (L —x), 2
where,
k =285, (32 tm + 61512, + 483) + s 1. 3)

The superscript or subscript s denotes the supporting layer,
m denotes the top and bottom piezo- or flexo-material.
X, 811, t, b and R are the axial distance from the clamped end,
and the compliance, thickness, width and radius of curvature
of the cantilever, respectively.

To amplify the charge output, two layer structures were
designed with parallel electrical connections, as shown in
figure 1(b). The arrows in the piezoelectric layers denote the
poling direction for the piezoelectric cantilever.
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The axial normal stress o7 in the piezoelectric cantilever
can be expressed as

1 1
= —y, = —({;+t 2, 4
o11 srlnRYn SmlR(s+ m)/ “4)

where y, is the distance between the neutral axis and the top
surface of the piezoelectric layer, which is half of the total
thickness of the cantilever.

The electrical polarization P, from each piezoelectric
layer is

Py = ds1011, )

where d31 is the transverse piezoelectric coefficient. The total
charge Q) from two piezoelectric layers can be calculated by
combining (2), (4) and (5).

L
0y =2 / Ppbdx = 6d31 FL*(ts + tm)s}, /k. (6)
0

For the flexoelectric cantilever, the gradient of the axial
normal strain along the thickness direction of the cantilever
can be given as

3811 0 Z 1
o (3) =1 ™)
0z 0z \R
where ¢ is the axial normal strain.
The electric polarization Pf from each flexoelectric layer
can be written as follows [23]:

de33 denn . 0exn
P = _— —_— JRS—
= M1l 9z +M12( 9z + 8z>

3833
=[vpp + {1+ V)Mlz]a—z- €]

Here, v is the Poisson ratio of the flexoelectric ceramic. For
pure bending of a beam with L > b > t, the flexoelectric
polarization due to the gradient of the axial normal strain &1
in the thickness direction can be simplified as

_ e 0g11

Pf—l/vlza_z’

€))

where ;ﬁffzf denotes the effective transverse flexoelectric
coefficient. For convenience, ,u‘ifzf will be abbreviated to 1t12.
Then, the total charge Qr from two flexoelectric layers can be

obtained by combining (2), (7) and (9).

L
Of = 2/0 Pebdx = 12u12FL?s} T /k. (10)

The ratio between the charge outputs of the piezoelectric and
flexoelectric cantilevers can be derived as

& _| 2uadi | an
Qp d31(ts + tm)

which is inversely proportional to the sum of the thickness of
the supporting and piezo/flexoelectric layers when the elastic
modulus of piezo/flexoelectric material, size and supporting
layer of cantilever are identical, meaning that flexoelectric
cantilevers are favorable as micro/nano-sensing structures.

S{1, t (20,7 1)

42=
«

Figure 2. Schematics of a single-layer (left) and multi-layer (right)
cantilevers.

2.2. Multilayered flexoelectric cantilever

In section 2.1, the analysis showed that the scaling effect
can make flexoelectric devices favorable on the micro/nano
scale. Another approach to maximizing charge output from
flexoelectric sensors involves adopting multilayer structures.
Figure 2 shows a single-layer cantilever and a two-layer
flexoelectric cantilever structure, where an external force
applied at the cantilever tip generates a strain gradient in each
layer.

From Bernoulli—Euler beam theory, the strain gradient of
the single-layer cantilever is

d€11 _ 1 _ Flsrlnl(L—x)
9, R I ’

where L, srlnl, I and F; are the length, compliance and moment
of inertia of a single-layer cantilever and the applied force at
the tip, respectively.

The tip deflection of the single-layer cantilever §; can be
written as

12)

Fys™ L3
T

Then, the total electric charge Q; from the single-layer
cantilever is given as

81 (13)

L de FisTbL? 3bs,
0= A H12— bdx =2 T T TR (14)
Z

The charge output of the double-layer cantilever can be
obtained by (10) and the tip deflection 6, when force F» is
applied at the tip using the expression

_ 4F 2L3s‘1“1 51
kb '
where s}, is the compliance of the supporting layer.
By substituting (15) into (10), the charge output from the
double-layer cantilever O, can be obtained as

0, = 3b5;
2 = 12 L .

As shown in (14) and (16), if the input deflection
is identical for both cases, the charge output from the
double-layer cantilever can be amplified by 200% compared
to that from the single-layer cantilever. Similarly, the charge
output from a structure with more than two layers will be
amplified and is proportional to the number of flexoelectric
layers N, as given in (17).

8 5)

(16)

3N,
2L

On = 12 (17)
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Figure 3. Fabrication of the multilayered structure. (a) A schematic cross-section of the three-layered flexoelectric structure, (b) top view
photograph and (c) photograph of a cross-section of the three-layered flexoelectric structure.

3. Experimental methods
3.1. BST material preparation

Bag ¢5Sr935TiO3 was prepared by conventional solid state
processing using raw materials, including BaCOs (99.9%,
Alfa Aesar), SrCO3 (99.9%, Alfa Aesar) and TiO; (99.99%,
Alfa Aesar). All the materials were weighed for the
composition of BST to be Ba:Sr = 65%:35%. The powders
were milled in anhydrous ethanol for one day, and then
calcined at 1200 °C for 2 h to decompose the carbonate and
synthesize the BST powder. The obtained powder was milled
and calcined again at the same temperature, then granulated
through an 80-mesh sieve. The powder was pressed into
pellets with a minimum of 1 inch diameter using cold isotropic
pressing at 30 ksi. The pellets were sintered at 1300-1350 °C
and cooled down to room temperature at a cooling rate of
3°C min~! in an oxygen atmosphere. The ceramic had the
relative dielectric constant of 8000 at room temperature, and
its maximum dielectric constant is about 14 000 at the Curie
temperature of 18 °C.

3.2. Fabrication of the multilayered flexoelectric structure

In order to fabricate the multilayered structure, each single
layer consisting of BST and silicon layers was fabricated first
and three single layers were stacked and bonded consecutively
with conductive epoxy. Firstly, a layer of 1 um of SiO; was
sputtered on a 350 pm thick silicon wafer in order to prevent
shorting of the electrical connection through the BST layer.
Here, a 350 um of silicon layer was chosen because it is easy

Table 1. Dimensions of the three-layered flexoelectric structure.

Thickness of  Thickness Total thickness Length ~ Width
silicon (f5) of BST (t)  (frotat) (L) (b
350 um 25 um 1.26 mm 7.5mm 2 mm

to handle without breaking. Subsequently, 100 A of Ti and
1000 A of Au were sputtered as electrodes on the top and
bottom sides of the silicon substrate and on one side of the
BST. The sputtered sides of the BST and the silicon substrate
were bonded with silver epoxy (Epoxy set, EO-23M). A
normal pressure of 1 MPa was applied to produce a bonding
layer thickness of about 7-8 pum. This also ensured good
adhesion and conductivity between the BST and the silicon
substrate. Then, the BST layer was lapped to 25 pum and
the top surface of the BST layer was electrode sputtered as
mentioned above. Figure 3(a) shows the cross-section of the
multilayered structure and the detailed sequence of each layer,
while table 1 shows detailed dimensions of the multilayered
flexoelectric structure.

3.3. Experimental setup

To experimentally verify the charge amplification of the
flexoelectric multilayered cantilever, the charge output of
the fabricated flexoelectric multilayered prototype was
measured at room temperature. The experimental setup is
shown schematically in figure 4. Firstly, the multilayered
flexoelectric structure was clamped rigidly at one end. Then,
the piezoelectric actuator was placed at the tip to generate
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Table 2. Piezoelectric and flexoelectric coefficients of various materials (see [13, 24-29]).

Lead-based piezoelectric materials d3; (pPCN~!)  Compliance—s;; (1072 m> N~!)
PbTiO3 —22.8 6.5
PZT (sol-gel) —82 13.8
PZT (sputtering) —100 133
PMN-30PT -921 52.0
Lead-free piezoelectric materials d3 (pPCN~!)  Compliance—s;; (10712 m> N~1)
P(VDF-TrFE) —18 740.1
PVDF —28 370.4
BaTiOs; (single crystal) —334 7.4
Ko.48Nag 50NbO3 (sputtering) —45.1 8.2
Flexoelectric material w12 (uCm™)  Compliance—s;; (10712 m> N~1)
BST 100 6.54
4 7
alrfcﬁf'::r a;hzll;.f'::r vibI;ZrSl:ter Lead-based Lead-free
P P P— P(VDF-TrFE)
[==]=] 6 3 e PVDF
- PZT (sol-gel) . 9
0 !m —-  PZT (sputiering) BaTiO,
! 51 — -+ PMN-30PT = = K, Na, NbO,
1
] s L
Multilayer- |
structured a 3L
cantilever Actuator  Power Function Q
amplifier  generator g 2 n
B y
Figure 4. Schematic of the experimental setup for the transverse Mo
flexoelectric coefficient measurement. F A
0
deflection of the cantilever. The actuator was driven by a i 143 132 160 202 394470 §577 731 |
power amplifier (Briiel and Kjer, type 2706) and a function 0 25 50 75 100

generator (Tectronix, Model AFG3101). The deflection of
the cantilever at the tip was measured by a laser vibrometer
(Polytec, OFV-5000). The generated output signal was
amplified by a charge amplifier (Briiel and Kjer, type 2635)
and the amplified signal was measured by a lock-in amplifier
(Stanford Research system, Model SR830). The generated
charge from the single-layer and three-layer cantilevers were
recorded as a function of excitation frequency from 1 to
150 Hz. A low frequency was chosen to ensure that the
real deflection of the cantilever follows the input of the
piezoelectric actuator.

4. Results and discussion
4.1. Modeling results

It is anticipated from (11) that the charge output of the
flexoelectric cantilever will exceed that of the piezoelectric
cantilever on the micro/nano scales. The ratio of charge output
from a BST flexoelectric cantilever to that of a piezoelectric
cantilever is shown in figure 5, using the reported material
properties given in table 2. When the performance of the BST
cantilever is compared with that of a cantilever fabricated
from a material with very high piezoelectric coefficients such
as PMN-30PT, the thickness of the cantilever must be less
than 1.43 pum to yield better performance. When piezoelectric

t+t (um)

Figure 5. The ratio of charge output from BST flexoelectric
cantilevers to that of piezoelectric cantilevers as a function of the
total beam thickness.

materials with relatively low piezoelectric coefficients are
used, the performance of the flexoelectric cantilever exceeds
that of the piezoelectric case on larger scales. For example, the
BST flexoelectric device shows much better performance than
the piezoelectric device fabricated from P(VDF-TrFE) when
the thickness is below 73.1 pm.

4.2. Experimental results

The experiment to measure the charge output from the
multilayered cantilever was carried out for sensitivity
comparisons with the single-layer cantilever. Charge outputs
were measured under different deflections (1-6 wm) and
frequencies (1-150 Hz). Experiments were repeated three
times under each condition with each data point on the
graph representing the average of the three trials. The linear
relationship between the deflection at the tip and the charge
output can be seen in figure 6. The equivalent transverse
flexoelectric coefficient uf, of the multilayered flexoelectric
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Figure 6. Deflection at the cantilever tip versus charge output from
the multilayered flexoelectric cantilever under different force
excitation.

structure can be derived from (14) and calculated as

20L

e R (18)

[C—
Hip =

The average equivalent transverse flexoelectric coeffi-
cient u, can be calculated from the slope of figure 6 and
yields a value of approximately 59.5 uC m~!, which is
about three times the magnitude of that of a single-layer
flexoelectric cantilever (20 ©C m~! [6]). Therefore, when the
total dimensions of the flexoelectric structure is the same as
the single-layer structure, the sensitivity that is directly related
to the equivalent flexoelectric coefficient will be multiplied
proportionally by the number of layers. Furthermore, the
sensitivity can be further enhanced by choosing intermediate
layers with a lower stiffness.

Figure 7 shows the measured equivalent > (squares)
of the multilayered flexoelectric structure as a function of
excitation frequency and the percentage ratio (triangles)
of equivalent pj; of a multilayered structure to pyp of
a single-layer structure. The dashed lines in the graph
denote the average values of the measurements. As seen in
figure 7, the transverse flexoelectric coefficient was amplified
proportionally to the number of structure layers. The average
w12 for the multilayer is slightly less than 300% of wi>
for the single-layer flexoelectric cantilever. This could be
the result of non-ideal bonding between the BST layers and
the supporting silicon layer, which would hinder full strain
transfer between each layer. Also, non-perfect clamping could
decrease the charge output. The relatively low equivalent
w12 (55.1 uC m™') and the percentage ratio (262.6%) values
at 1 Hz were likely caused by imperfect electric insulation
of the silicon substrates, which were chosen for fabrication
convenience. Charge leakage through the silicon layers could
occur because silicon-BST acts as an RC circuit and signal
degradation cannot be neglected at low frequencies. This
can be improved by choosing substrate materials with better
insulating performance.
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Figure 7. The measured equivalent 1, of the multilayered
flexoelectric structure and the ratio of the values of w1, for
multilayer to single-layer structures.

5. Conclusions

Flexoelectric sensors are becoming increasingly popular
because of their small size, absence of de-poling and ageing
problem, and lead-free composition. In this study, a flexo-
electric multilayered cantilever was compared analytically to
its piezoelectric equivalent and displayed amplified charge
output. As the thickness of the cantilever is reduced to
the range of several microns, the flexoelectric cantilever
is expected to perform with a higher sensitivity than the
piezoelectric cantilever. Also, theoretical analysis suggests
that the charge output of the multilayer structure is
proportional to the number of layers. Finally, a three-layered
BST flexoelectric structure for the purpose of amplifying
the charge output was successfully fabricated and tested
using Bag 5510.35TiO3 materials. The charge output was
measured to be approximately three times that generated by
the single-layer structure, confirming the signal amplification
mechanism of the multilayered structure.
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