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ABSTRACT

Kate Gleason College of Engineering
Rochester Institute of Technology

Degree: Doctor of Philosophy Program: Microsystems Engineering

Authors Name: Jing Ouyang

Advisors Name: David A. Borkholder

Dissertation Title: Enhanced Piezoelectric Performance of Printed PZT Films on Low

Temperature Substrates

Since piezoelectric effect was discovered in 1880, it has been widely used in micro-
actuators, sensors, and energy harvesters. Lead Zirconate Titanate (PZT) is a commonly
used piezoelectric material due to the high piezoelectric response. The basic PZT film
fabrication process includes deposition, sintering, and poling. However, due to the high
sintering temperature (> 800 <C) of PZT, only high melting point material can be served
as the substrate. Otherwise, complex film transfer approach is needed to achieve flexible
and foldable PZT devices. The exploration is accordingly necessary to realize direct
fabrication of PZT films on low melting point substrates without affecting the piezoelectric
performance. In order to lower the PZT film sintering temperature, in this work, the effect
of the powder size and sintering aid on the sintering temperature was studied. A maskless,
CAD driven, non-contact direct printing system, aerosol jet printer, was used to deposit
PZT thick films on the substrate. This technique allows creating features without masking
and etching processes that are generally required for realizing designed features via
conventional deposition approaches. Broadband, sub-millisecond, high intensity flash
pulses were used to sinter the PZT films. The role of all sintering parameters was
investigated to regulate the sintering quality of the PZT thick films. The photonically
sintered films showed much lower substrate temperature increase mainly due to the
extremely short pulse duration and temperature gradient through the film thickness. The
superior piezoelectric property to thermally sintered group was also obtained. This process
significantly shortens the processing duration and dramatically expands the possible
substrate materials. It accordingly opens the possibility of processing PZT film directly on
low melting point materials. A PZT energy harvester based on this process was directly
fabricated on the polyethylene terephthalate (PET) substrate to demonstrate the capability.
The relation between the load and the generated power was investigated to obtain the
highest output power. Up to 0.1 uW was generated from this flexible energy harvester
when connected with 10 MQ resistive load. Photonic sintering of PZT film also creates the
opportunity of processing poling during sintering. Different combinations of the sintering
and poling techniques were studied. It was observed that the best piezoelectric property
was obtained while performing poling during photonic sintering. Consequently, a new
method of printing, sintering, and poling of micro-scaled PZT films was demonstrated in
this work resulting in high performance films. This process provides the capability of
realizing PZT devices on low temperature substrate, facilitates the fabrication of flexible
piezoelectric devices, and enhances the piezoelectric property.
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Chapter 1 Introduction to Piezo- and Ferro-electricity

1.1.  Theory of Piezoelectricity

Since piezoelectric effect was discovered in 1880 by French physicists Jacques and
Pierre Curie, it has been widely used in pressure sensors [1-4], accelerometers [5-8], flow
rate sensors [9-11], and energy generators [12-15]. “Piezo” is originated from Greek, which
means “push”. Piezoelectric effect is the ability that linearly accumulates electric charge in
response to mechanical stress. The same material can also be strained when an electric field
is applied, which is called inverse piezoelectric effect discovered by Gabriel Lippmann in
1881. In this section, the background of the piezoelectric effect is introduced starting from
the basic crystal structure knowledge through elasticity and dielectricity, and to the
principle of piezoelectric and inverse piezoelectric effect. Finally, the mathematical

expression of piezoelectric effect and several commonly used piezoelectric materials are

presented.

1.1.1. Crystal Structure
LA The  properties of  the
e o o o piezoelectric materials are strongly
e o o o depending upon the direction.
Lattice Significant differences of elastic
and dielectric properties can be
Crystal Structure . . . .
. detected in a piezoelectric material

Unit Cell

Figure 1-1. The crystal structure is formed by repetition
of the unit cell at every lattice point location.
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pd|
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Figure 1-2. The diagram of a parallelepiped shaped
lattice cell with six lattice parameters. a, b, and c are
three intersected sides and a, B, and y are three
angles formed by three sides.

along different directions. Therefore,
introducing the structure and symmetry
of the crystal is necessary.

A crystal is constructed by a group
of atoms or molecules patterned in an
ordered way and repeated three-
dimensionally (Fig. 1-1). This basic
repetitive atomic group is called unit
cell. The repetitive patterns where the
unit cell located are the lattice.

Generally, for most crystals, three-

dimensional primitive lattice cells are parallelepipeds or prisms having three sets of parallel

faces. The shape of a lattice can be determined by the length of cell edges (a, b, ¢) and the

angles between them («, S, y) as shown in Fig. 1-2 [16]. These six parameters are called

lattice parameters. All crystals can be classified into seven lattice systems according to the

lattice parameters as listed in Table 1-1.

Table 1-1. Seven lattice systems. Adapted from [17]

Lattice system AXes Angles

Cubic a=bh=c a=p=y=90°
Rhombohedral a=b=c a=p=y#90°
Hexagonal a=b#c a=p£=90%y=120°
Tetragonal a=bh#c a=p=y=90°
Orthorhombic a#zb#c a=p=y=90°
Monoclinic a#zb#c a=y=909p+90°
Triclinic atb+#c a#p#y#90°

These seven lattice systems are further divided into 32 crystallographic point groups

according to the symmetric axis or face as listed in Table 1-2.



Table 1-2. The symbols and characterizations of 32 crystallographic point groups.

Lattice systems

Characterizations of symmetry

Hermann—
Mauguin notation

Triclinic

Monoclinic

Orthorhombic

Only 1-fold rotation (or rotoinversion) axes.

2-fold rotation (or rotoinversion) axes that are
only along one direction.

2-fold rotation (or rotoinversion) axes that are
along three orthogonal directions.

222, mm2, mmm

Rhombohedral One 3-fold rotation (or rotoinversion) axes. 3, 3,32,3m, 3m
4, 4, 4/m, 422,
Tetragonal One 4-fold rotation (or rotoinversion) axes. 4mm, 42m,
4/mmm
6, 6, 6/m, 622,
Hexagonal One 6-fold rotation (or rotoinversion) axes. 6mm, 6m2,
6/mmm
Cubic Four 3-fold rotation axes. 23, m3, 432, 43m,
m3m
1.1.2. Elasticity and Dielectricity

Piezoelectric property is a coupling of mechanical and dielectric properties. Therefore,

it is difficult to understand piezoelectricity without regard to the knowledge of elasticity

and dielectricity. Consequently, in order to well investigate piezoelectricity, elasticity and

dielectricity are introduced in this section.



1.1.2.1. Elasticity

Elasticity is the capability that a material can recover its original shape after deformed
by a small external force when this force is relieved. The piezoelectric material is elastic
material and thus has all elastic properties. Several fundamental elastic properties are
introduced in this section.

|. Strain

When a solid body is in an equilibrium state under an external force, the ratio of the
deformation to the original length is called strain. Strain is a second rank tensor, denoted
aseik (I, k=x,y, 2).

(@) b dx
(b) f=—= eyx/ - -7
Az/z = ez — r /
W bty | -
z X [_——-T : & / /
| T
Y Ax/x = exx LX ":/gzd_y:exy
Ayly = eyy x

Figure 1-3. The diagram of normal strain (a) and shear strain (b).

For the eik, the first subscript refers to the axis that is being strained and the second
one refers to the direction where it is being strained. Therefore, when i = kK, eik represents
the normal strain that the side is strained along its own direction (Fig. 1-3 (a)). And the
value of the strain is Ai / i. For i # Kk, eik represents the shear strain that the side along i
direction is deformed to k direction as shown in Fig. 1-3 (b) (i.e. angular change between i
and k axes). It is clear to see that eik should equal to exi. Therefore, strain tensor has only
six independent elements, namely exx, €xy, €xz, €yy, yz, and ez. Generally, in order to
simplify the two subscripts to only one, the strain tensor is always denoted as a 1 <6 matrix
using engineering strain notations s, (A =1, 2, ..., 6). The conversion between S; and eik

is shown in Table 1-3.



Table 1-3. The conversion between s; and ei.
S1 So S3 S4 Sg Se
Exx Byy [ 2ey; 265« 26y
Il. Stress
" The applied external force on the unit area
A 72 R ; .
| aZ‘X;_, 7, of the forced object is called stress. It is
: important to note that stress is also a second
I o, o rank tensor, denoted as ik (i, kK = X, y, z). As
}" shown in Fig. 1-4, the first subscript (i
: /—> Ty 1 ow g pt (i)
, | O ¥ represents the plane on which the stress
X| AT T % . e
K // component acts is normal to the i direction; and
y

Figure 1-4. The diagram of the stress tensor

components on a cubic structure.

the second one (k) represents the stress applied

direction. The same as strain, oik (i = k) is the

normal stress and aik (i # K) is the shear stress. Since at the equilibrium state, the total

moment induced by the inner stresses should equal to zero. Therefore, ik should equal to

oxi. Consequently, stress tensor also has only six independent elements. A 1 %6 matrix is

used to represent stress using engineering stress notations Ty (A = 1, 2, ... , 6). The

conversion between T; and oik is shown in Table 1-4.

Table 1-4. The conversion between T, and oix.

Ty T,

T3

T4 Ts Ts

Oxx Oyy

07z

Ozx Oxy

For a small deformation, strain is a linear function with stress. This is called Hooke’s

Law. Mathematically, this law can be written as

S1 S11
(52\ /512
i S3 | _ S13

S S14

Ss

=)

Sis
516

Ss1 Su Ss1 Sen\ /Th
532 542 SSZ 562\‘ /TZ\
S35 Saz Ssz3 Sez || Ts | (1-1)
Ss4 Sas Ssa Ses || Tu |
Sss Sas Sss Ses |\ Ts /
536 546 556 566 T6

where S is called elastic compliance matrix. Or it can be rewritten as



T C11 C21 €31 C41 Cs1 Ce1 S1
T3 /C12 C2 C32 Cup Csp Csz\ S3
T3 | _ €3 C23 C33 Caz3 Cs3 Ce3 | S3 (1-2)
T, C14 Cz4 C34 Caq Csq4 Coq || Sa
\TS Ci5 €25 C35 C45 Css C65/ \55
Ts Cie C26 C36 Cs6 Cs6 Cgg Se

where c is called elastic stiffness matrix. Easily to find that the inverse of Sisc (i.e. S =
c ).

Both compliance and stiffness matrices are symmetric. So there are 21 independent
compliance and stiffness elements, respectively. Notice that piezoelectric materials are all

anisotropic material. So considering all 21 elements in the matrices is necessary.
1.1.2.2. Dielectricity

A dielectric material is an electric insulating material or a poor electric conductor.
During the application of the electric field, the positive and negative charges are displaced
minutely to generate an intrinsic field balancing the applied field. Therefore, the induced
charges separation causes dielectric polarization that lead to the energy storage capability.
[16]. All piezoelectric materials are dielectrics. An important parameter of dielectric
material is dielectric constant (or permittivity), which is reflecting the polarization in the
material in response to the external electric field. The higher dielectric constant results in
higher polarization in the material under given electric field.

In order to understand the relation among polarization, electric field and dielectric
constant, three vectors and two coefficients have to be introduced, namely polarization (P),
electric field (E), electric displacement (D), electric susceptibility (y), and dielectric
constant (g). Since all piezoelectric materials are anisotropic, these five parameters are
highly dependent upon the direction.

It is discovered that the polarization along one direction will be influenced by electric
field from all three directions, and the relation is as following
P X11 X1z Xi3
[Pz = km X22  X23

Eq
Ez] (1-3)
P; 31 X32 X33

E;

where the subscript of 1, 2, and 3 in P and E are representing the components along x, y
and z axis, respectively. Moreover, the electric susceptibility matrix is symmetric, i.e. (12

= %21, Y13 = (31, (23 = ¥32. T herefore, at most, there are only six independent components in



the matrix. But depending on the structure of the crystals and crystallographic point groups,
the number of independent components may reduce. For instance, for 4mm group
(Hermann-Mauguin notation), there are only two independent susceptibility matrix
components.

The electric displacement is also linearly proportional to the electric field.

D, €11 €12 €13][E;
Dy| =621 €22 é&23(|E; (1-4)
D, &31 €32 &33]|Ej
This relation can also be written as
D, Eq P
D2 = 80 EZ + P2 (1_5)
Ds E; P3

where € is electric permittivity of free space (8.854 %1072 F/m). By combining Eq. 1-3 ~
1-5, the relation between electric susceptibility and dielectric constant is able to be obtained:

€11 €12 €13 & + X11 X12 X13
&1 &2 &3|=| X € + X22 X23 (1-6)
€31 E32 €33 X31 X32 & T X33

It is important to note that, usually, in order to simplify the calculation, relative
permittivity (erij, 1, j=1, 2, 3) which can be obtained by dividing the dielectric constant by
permittivity of free space is used in the research.

The same as the electric susceptibility, the dielectric constant matrix is symmetric and
has no more than six independent components. Depending upon the crystallographic point

group, the number of independent components can be reduced.



1.1.3. Piezoelectricity

& ok derf

Positive Charge . Negative Charge

Figure 1-5. The principle of piezoelectric effect. The crystal is in the electrical equilibrium state
when no external force applied to it (a). However, due to the compression (b) or tension (c), the
centers of positive and negative charges are not coinciding. Therefore, positive and negative
charges appear and accumulate on opposite outer surface of the crystal.

In the piezoelectric crystal, at the equilibrium state, it is electrically neutral. Therefore,
the positive and negative charges are balanced. However, the atoms are not centrally
symmetric (Fig. 1-5 (a)). So when the external force is applied to the material, the crystal
deformation pulls some atoms closer and pushes some away. The centers of the positive
and negative charge are not coincident anymore giving rise to the positive and negative
charges appear on opposite outer surface of the crystal (Fig. 1-5 (b) and (c)). This is so-

called direct piezoelectric effect.

@ (b)M ) ‘ = ‘
: o |,
b | |

Figure 1-6. The principle of inverse piezoelectric effect. The crystal is in the electrical equilibrium
state when no external electric field applied (a). As the electric field applied, in order to balance
this field, the centers of positive and negative charges are forced to move oppositely to generate
intrinsic electric field. These two fields are cancelled each other to rebalance the crystal.
Therefore, due to the motion of positive and negative charges, the crystal is deformed (b and c).




For the inverse piezoelectric effect, when the external electric field is applied to the
material. In order to reach the lowest free energy state, the crystal has to reorient the
positive and negative charges to generate an intrinsic field for balancing the external
electric field. Therefore, the material is deformed due to the reorientation of the crystals
(Fig. 1-6).

The piezoelectric effect (or inverse piezoelectric effect) is a coupling of elastics and
dielectrics, which is the capability of linearly accumulate electric charge in response to
mechanical stress (or deformation in response to the applied electric field). Two
piezoelectric constants, gij and dij, are necessary to be introduced to mathematically express
the piezoelectric and inverse piezoelectric effects, respectively. gij is the 3>6 piezoelectric
voltage constant matrix with the unit of VV-m/N. The expression is shown as Eq. 1-7.

gij = Ej/T; (1-7)
For those piezoelectric sensors and energy harvesters that require great output electric
signal, high gij value is needed. On the other hand, for those piezoelectric actuators that
require large deformation, high dij value is needed. dij is the 3>6 piezoelectric charge
constant matrix with the unit of m/V, which is expressed mathematically as Eq. 1-8.

dij = Si/E; (1-8)
Generally, for both piezoelectric constants, axis 3 is always assigned to the direction of the
initial polarization of the piezoelectric material (or called poling direction). The relation
between piezoelectric voltage and charge constants is shown as Eg. 1-9.

dij = €i19ij (1-9)

The properties of the piezoelectric materials are anisotropic. Several commonly used
piezoelectric materials with the elastic, dielectric and piezoelectric parameters are listed in
the Table 1-5. PZT-855, the ferroelectric material used in this work, is also listed in the
table and compared with these piezoelectric materials. In the industry or research, for some
specific applications, to obtain the highest piezoelectric coefficient for a better performance,
specific poling, stress, and signal collection directions need to be well considered and
chosen. For instance, according to Table 1-5, in order to obtain high output electric power
for the given stress level, an a-Quartz piezoelectric energy harvester should be built along
the di1 (or gi11) direction (applied pressure direction is the same as induced polarization

direction which is perpendicular to the poling direction) rather than the di4 (or g14) direction



(induced polarization is along the direction perpendicular to poling direction, while applied

stress is a shear stress).

Table 1-5. Several commonly used piezoelectric (not ferroelectric) materials and
piezoelectric, elastic and dielectric parameters compared with PZT-855.

a-Quartz Zn0O Li»B4O; Bi12GeOz PZT-855
Parameters  Unit
Point group 32 6mm 4mm 23 4mm & 3m
ér1 - 4.5 9.26 8.9 38.63 2778
&r22 - 4.5 9.26 8.9 38.63 2778
&r33 - 4.6 11.0 8.07 38.63 3170
du pC/N 2.31 - - - -
d1a pC/N 0.73 - - 40.5 -
da1 pC/N - -5.2 -1.84 - -265
dss pC/N - 10.6 8.76 - 515
Cu1 GPa 85.1 210 135 128 113
C22 GPa 85.1 210 135 128 113
Cs3 GPa 105.4 229 56.8 128 98.9
Caa GPa 57.1 42,5 58.5 255 20.1
Css GPa 57.1 42.5 58.5 25.5 20.1
Ces GPa 39.1 44.3 46.7 255 23.0
References [18-20] [19, 21] [22, 23] [25, 26] [27]

1.2. Theory of Ferroelectricity

Ferroelectricity was first discovered in 1920 in Rochelle salt by J. Valasek. It is a
property that the material exhibits spontaneous electric polarization in the absence of an
electric field. This polarization can be reversed by the application of an external electric
field [28]. Because of the existence of spontaneous electric polarization, the ferroelectric
material is able to generate electric energy when applied mechanical deflection, which is
the piezoelectric effect. Therefore, all ferroelectric materials are piezoelectric materials.
However, not all piezoelectric materials are ferroelectric materials, because several
piezoelectric materials have no spontaneous polarization (e.g. quartz).

It is important to note that the ferroelectric property exists only at the temperature that
is lower than a critical value, which is called Curie temperature (Tc). The increasing
number of ferroelectric materials, such as Lead Zirconate Titanate (Pb(ZrxTi1-x)O3) [29-
32], Barium Titanate (BaTiOz) [33-36], and Polyvinylidene fluoride (PVDF) [37-39], are
used in various commercial and research applications. In this section, ferroelectricity is

introduced in detail by taking perovskite ferroelectrics as the example. The perovskite
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structure and phase transition is presented. The background of polarization, domain and
domain walls is also shown. The hysteresis loop that is a commonly used tool for
understanding ferroelectric materials is introduced. Finally, some popularly and commonly
used ferroelectric materials are presented with the elastic, dielectric and piezoelectric
parameters.

1.2.1. Perovskite Ferroelectrics

(b)

+Ak

Ps

Figure 1-7. Schematic of elementary cell of perovskite ferroelectrics above (a) and below (b)
Curie temperature. Above Curie temperature, the cell is in cubic lattice structure. While the
temperature reduced to below Curie temperature, it reveals a tetragonal (or sometimes
rhombohedral) lattice structure. The blue, red and black circles are representing A, O and B atoms
of the general perovskite formula, respectively. Adapted from [41]

A ferroelectric material that has the perovskite crystal structure is called perovskite
ferroelectrics. The perovskite ferroelectrics have a “pseudo-cubic” structure with general
formula ABOs. The valence of the A cation can be +1, +2 or +3 (such as Bi, Sr, or Pb).
The valence of the B cation ranges from +3 to +5 (such as Ti, Zr, or Ta) [40]. The structure
of perovskite ferroelectrics is centrosymmetric cubic while the temperature is above Curie
temperature (T¢) (Fig. 1-7 (a)) with coinciding centers of the positive and negative charges
and, accordingly, canceled each other out revealing no polarization. This phase is called
paraelectric phase. However, when the temperature is reduced below Tc, the central ion in
the unit lattice displaces forming a tetragonal structure. This causes the center of the
positive and negative charge no longer being coinciding giving rise to spontaneous
polarization. It is important to mention that the moving direction of the central ion can be

a negative or positive direction of either one of the 2-fold, 3-fold and 4-fold axes of the
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Figure 1-8. The paraelectric cubic lattes structure is changing to ferroelectric tetragonal structure
due to the movement of the center ion during the temperature reduction through Curie
temperature (T¢). The moving direction of the center ion could be either one of the 2-fold, 3-fold,
and 4-fold axes. (a), (b) and (c) are showing three possibilities that the center ion moving along
4-fold axes positive direction to form 3 different directed spontaneous polarizations.

lattice. In the perovskite ferroelectrics, one unit lattice has six 2-fold axes, four 3-fold axes,
and three 4-fold axes. So there are 26 possibilities of the polarization direction when
temperature reducing to below Tc. Figure 1-8 is showing the formation of three direction
possibilities of the spontaneous polarization (Ps) that the center ion moving along the

positive direction of 4-fold axes during temperature reduction through the Te.
1.2.2. Domain and Domain Walls

The ferroelectric domain is the region where polarizations have the same direction.
The region that separates different domains is called domain wall. 180<=and 90<walls are
two most common walls. The domain wall, which separates domains with oppositely
directed spontaneous polarizations, is called 180°wall as shown in Fig. 1-9 (a) and that
which separates domains with mutually perpendicular polarization is called 90°wall as
presented in Fig. 1-9 (b). However, because the relation of side lengths of a tetragonal
structure is a = b # ¢ as shown in Table 1-1. The angle between two sides of 90°wall is
slightly smaller than 90< Additionally, other walls are also found in some ferroelectric
materials, such as 60< 120< 71< and 109<walls. For instance, in BaTiO3z crystal, all

aforementioned six domain walls are existing [42].
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(a) (b)

Figure 1-9. 180 <and 90=domain walls in tetragonal perovskite ferroelectrics. The 180°wall is to
separate the domains with oppositely directed spontaneous polarizations (a) and the 90 °wall is to
separate the domains with mutually perpendicular polarizations (b). After [41]

The formation of domain walls is to minimize the free energy in the crystal [43]. Two
reasons lead to energy increasing in the material during phase change while temperature
reduction. One is the motion of the center ion [41, 43, 44]. The onset of the center ion
motion leads to the formation of spontaneous polarization (Ps). And this polarization
produces surface charge, which forms an electric field (Eq) orienting oppositely to the Ps,
as shown in Fig. 1-10 (a). In order to minimize this energy associated with this field to
reach the equilibrium state, this domain will be split into two domains with oppositely

polarized orientation. Therefore, the two field induced by polarizations are balanced. And

(a) Ferroelectric phase
Paraelectric phase P Fo
s :
T |
C I
— — > |
E, P
(b) Stress
) b
T
—>
<=

Figure 1-10. The formation mechanisms of 180<(a) and 90<(b) domain walls. TC, PS and Ed are
presenting Curie temperature, spontaneous polarization and electric field. Adapted from [41]
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a 180°wall is formed. Another reason is mechanical stress applied externally or generated
during the temperature reduction [40, 43, 45]. As shown in Fig.1-10 (b), when a stress is
applying to a crystal, the longer side of the crystal would be developed along the stress
applied direction. However, the shorter side would remain parallel to the stress direction.
This may separate the domain into two domains and form 90°wall. And the domain wall
is the bisector plane at 45 <with respect to the original longer side, because along this plane
(also known as an invariant plane) the difference between the stresses of the adjacent

domains is zero, which minimizes the elastic energy.

1.2.3. Polarization — Electric Field Hysteresis Loop

The polarization-electric field (PE) hysteresis loop is a simple and effective tool to
understand the ferroelectric properties of the material. The occurrence of the hysteresis
loop is because of the reorientation of the domain walls in response to the external electric
field. Figure 1-11 is a typical ferroelectric hysteresis loop [46]. When no electric field is
applied to the ferroelectric material, the directions of the domains are randomly distributed
to lead to zero net polarization to reach the minima energy (point O). As the electric field
strength increasing, new domains that are aligned to the electric field are nucleating and
growing due to the domain wall motion and reorientation in response to the electric field.
And in this period, the polarization linearly increases with the electric field (segment OA).
With the field keeping increasing, the polarization is saturated and the ferroelectric material
turns to single domain structure (all domains are aligning with the electric field direction)
(point B). Then even the field further increases, the polarization could not increase due to
the saturation. At this point, if the field starts to decrease, some of the domains will back-
switch to make the macroscopic polarization reduce (segment BD). However, at the zero
filed, the polarization is not zero leading to the remanent polarization (Pr, point D). In order
to obtain zero polarization state, increasing the opposite field strength is required (segment
DF). The field strength that zeros the polarization is called coercive field (Ec) (Point F).
Further increase of the field in the negative direction will cause a new group of aligned
polarizations. Similar reorientation of domains and saturation can be observed in the
negative field region (segment FG). The spontaneous polarization can be estimated by
intercepting the polarization axis with the extrapolated linear segment CB as shown in Fig.

1-11 (point E). In reality, the shape of the PE hysteresis loop may be affected by many
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factors, such as mechanical stress, temperature, measuring frequency, and ferroelectrics
fabrication process [41, 46].
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Figure 1-11. A typical PE hysteresis loop of a ferroelectric material and corresponded domain
transition. Adapted from [46]

The hysteresis loop can be experimentally measured by a Sawyer-Tower circuit [47]
as shown in Fig. 1-12. The capacitance of the reference capacitor has to be much higher
than the capacitance of the ferroelectric material [46, 48]. Therefore, most of the voltage
can lie over the ferroelectric material. The charge on the capacitor should equal to the

charge over the ferroelectric material as they are in series connection. The polarization
(P) over the ferroelectrics can be calculated by Eq. 1-10.

CcV, (1-10)
T A

where C is the capacitance of the reference capacitor; V. is the measured voltage over the
capacitor; A is the cross-sectional area that charges passing the ferroelectric material

through. The electric field (E) over ferroelectrics can be obtained via Eq. 1-11.

P

(1-11)
where V is the source voltage of the circuit; t represents thickness of the ferroelectrics.
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Figure 1-12. Sawyer-Tower circuit is designed to experimentally measure P-E hysteresis loop.

1.2.4. Several Ferroelectric Materials and Properties

Because of the existence of spontaneous polarization, piezoelectric coefficients of
ferroelectric materials are generally higher than non-ferroelectric piezoelectric materials.
Several commonly used ferroelectrics are listed in the Table 1-6 with their elastic, dielectric
and piezoelectric parameters compared with PZT-855, which is the material used in this
work. However, because of the crystal symmetry, large properties difference can be found

in the materials along different directions.

Table 1-6. Several commonly used ferroelectric materials and piezoelectric, elastic and
dielectric parameters compared with PZT-855.

RS” BaTiO3 PVDF LiTaOs PZT-855

Parameters Unit
Point group 2 4mm 4mm 3m 4mm & 3m

& - 350 1621.9 7.35 40.9 2778

&r22 - 1621.9 9.27 40.9 2778

€33 - 1897.4 7.75 42.3 3170

dis pC/N 233 - - - -

ds1 pC/N - -79 20 -2 -265

dss pC/N - 191 -20 8 515

Cu GPa 27.5 166 3.61 232.8 113

C22 GPa 42.3 166 3.13 232.8 113

Css GPa 37.5 162 1.63 275.9 98.9

Caa GPa 7.8 42.9 0.55 94.9 20.1

Css GPa 42.9 0.59 93.2 20.1

Ces GPa 44.8 0.69 93.2 23.0
Reference [49, 50] [51, 52] [53, 54] [22, 55] [27]

* RS stands for Rochelle Salt (i.e. NaKC4sH406°4H>0). RS has two Curie points (24 <C and -18 <C) [56].
Between these two points, RS presents ferroelectric property. However, if temperature is out of this range,
RS reveals only general piezoelectric properties (no spontaneous polarization). In this table, only show the
ferroelectric properties of RS.
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1.3. Lead Zirconate Titanate (PZT)

Lead zirconate titanate (Pb(ZrxTi1x)Os) is a recently dominant ferroelectric ceramic
material with a perovskite structure. In the 1950s, PZT was found to have strong
piezoelectric effects by Jaffe et al. Besides high electric response, PZT has high Curie
temperature (Tc), which creates more opportunities for high temperature applications. In
this section, the crystal structure, elastic, dielectric and piezoelectric properties, and

dopants of PZT are introduced.

1.3.1. Crystal Structure of PZT

Microscopically, below the Tc, PZT shows a perovskite structure with the B site
occupied by either Zr or Ti and A site situated by Pb as shown in Fig. 1-13. And this
perovskite structure is independent of Zr/Ti ratio.

) O Pb However, the lattice structure
of PZT is strongly depending upon
. 0] the value of x in the PZT formula,
which reveals the ratio of Zr and Ti,
@ 2T \when the temperature reduced to

below Curie temperature with

Figure 1-13. Above Curie temperature, PZT is phase change (paraelectric to
presenting a cubic lattice structure with Pb, Oxygen and . o
Titanium/Zirconium at the corners, face centers and ferroelectric). ~Considering two

body center of a lattice, respectively. extreme cases. when x is zero. the

material is ferroelectric material PbTiOz with the tetragonal lattice structure while it turns
to anti-ferroelectrics PbZrOs with the orthorhombic lattice structure if x = 1. PZT are falling
in between these two cases. Figure 1-14 (a) is showing the temperature-composition phase
diagram of PZT [57]. In the diagram, F represents the ferroelectric phase; A represents the
anti-ferroelectric phase; and P represents the paraelectric phase. The subscript C, R, T, and
O refer to cubic, rhombohedral, tetragonal, and orthorhombic lattice structures,
respectively. PZT reveals different point groups of rhombohedral lattice structure at
different temperature levels when Zirconium has a higher ratio. Under low temperature

(LT), PZT presents 3m point group; while it shows 3 point group under high temperature
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Figure 1-14. (a). Phase diagram of PZT with respect to the mole percentage of PbTiO,. Above

Curie temperature, the PZT shows cubic structure with no piezoelectric properties. Below Curie
temperature, due to the different Zr/Ti ratio, the PZT presents different lattice structures. Used
with permission [57] (b). Lattice parameters of PZT below Curie temperature with respect to
the mole percentage of PhTiO,. Used with permission [59]

(HT) [58]. The lattice parameters of PZT are also changing with the Zr/Ti ratio as shown
in Fig. 1-14 (b) [59]. It is important to note that there is a boundary between FR and FT,
which is called morphotropic phase boundary (MPB). At room temperature, MPB lies at
53/47 [60]. At MPB, the two phases (FR and FT) are both existing in the
PZT with the unstable state due to the energetically similar and elastically different

the point Zr/Ti =

between these two phases. It results in high mobility of domain walls and thus PZT can be
easily poled [61]. Experiments have shown and demonstrated that large piezoelectric

response generated in the PZT for Zr/Ti ratio close to this boundary.

1.3.2. Dielectric, Elastic and Piezoelectric Properties of PZT

Compared with other piezoelectric materials, higher dielectric and piezoelectric
properties were found in PZT. It makes PZT a dominated piezoelectric material. Because
PZT shows different lattice structures at different Zr/Ti ratios, the dielectric (relative
permittivity), elastic (compliance coefficient, Si1) and piezoelectric (dss) properties are
varying with respect to the Zr/Ti ratio. As shown in Fig. 1-15 [62], sharp peak of relative
permittivity, elastic compliance coefficient and piezoelectric coefficient are revealed in
PZT at MPB as expected.
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Figure 1-15. Dielectric, elastic and piezoelectric coefficients are highly depending upon the ratio
of Zr/Ti. Around MPB, the maximum values of these three coefficients can be obtained.
Recreated from [62]

In addition, temperature [62-64], thickness of PZT film [64-66], doping [67] are also

demonstrated to play roles in affecting these three constants.
1.3.3. Hard and Soft PZT

Although the maximum piezoelectric coefficient can be obtained at MPB, in order to
meet the specific requirements for different applications, a small amount of dopants (< 3%
[69]) is added in the PZT to substitute some of A and B sites. Therefore, pure PZT turns to
PbXZryTixOs3 (the sum of subscript x, y, and z is ONE), where X represents the additive.

Generally, there are two types of additives that have been adopted in PZT to modify
the material properties. First is the donor type dopant (such as La®**, Sb®", Bi®*, W®*), which
provides unbound or free electrons to serve as current carriers . Donors with 3-valent ions
at A positions to replace Pb?*, or/and with 5 or 6-valent ions at B positions to replace Zr**
and Ti*" to create cation vacancies in the crystal structure of PZT [68]. This is known as
“soft” PZT [69]. One example is Pbo.gs(Zro.52Tio.48Nbo.024)O3 [70]. Donor dopant leads to
high piezoelectric constants, permittivity, dielectric constants and dielectric loss due to
increased domain wall mobility fascinating the domain reorientation, and thus allows this
type of PZT primarily used in sensing purpose [71]. Another type of dopant is acceptor
(such as Fe?*, Fe3*, AI®*, Ga®"), which provides positively charged anion vacancies in the
crystal structure to accept electrons. The PZT that contains this type of dopant is called
“hard” PZT [68]. One example is Pb(Zro.s25Tio.472F€0.003)O3 [72]. Hard PZT owns opposite
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properties as soft PZT. And it is more difficult to be polarized or depolarized resulting in
more stabilized piezoelectric properties. Hard PZT are typically used in high mechanical

loading or high voltage applications [71].

1.4. Overview of the Thesis

1.4.1. Literature Review on Piezoelectric Transducers (Chapter 2)

Piezoelectric material has been widely used in MEMS devices. In order to understand
the piezoelectric transducers, including the categories, function, and the state-of-art in this
field, a literature review is presented in Chapter 2. This chapter is consisting of three major
piezoelectric transducers, namely actuators, sensors, and energy harvesters. Depending
upon the different configurations and functions, these three categories are further divided
into several sub-branches for clearer introduction. By introducing how piezoelectric effect
is employed into these devices theoretically and taking several examples from literature,
this chapter intends to give an overall picture of the application of piezoelectric effect in
MEMS.

1.4.2. Photonic Sintering of Printed PZT Thick Films (Chapter 3)

E -
- 3 A g S

Figure 1-16. (a) Aerosol-Jet printer and (b) PulseForge photonic sintering system.

Few conventionally popular PZT film fabrication processes are introduced in Chapter
3 with the benefits and limitations. New PZT film deposition and sintering methods are
then described. Firstly, to avoid complex subsequent processes (photolithography, etching,
etc.) following the deposition to obtain desired features, a direct writing technique, i.e.
aerosol-jet printing (Fig. 1-16 (a)), is employed to directly print PZT with designed
structures on the substrate. Secondly, photonic sintering technique is adopted to densify
the PZT film and accordingly enhance the film mechanical and piezoelectric properties

(Fig 1-16 (b)). The detailed information of these two techniques is presented in Chapter 3.

20



By utilizing this process, a PZT thick film is successfully prepared on stainless steel
substrate with significantly short processing duration. Compared with thermally sintered
PZT thick films, photonic sintered group shows superior piezoelectric properties. All of
the measurements are also presented in Chapter 3.

1.4.3. Photonic Sintered Flexible Energy Harvester (Chapter 4)

Due to the energy transfer direction and extremely short flash duration, the substrate
temperature increase, during sintering, is found to be low. Therefore, the photonic sintering
of PZT creates the possibility of preparing PZT on low melting point substrate. A
polyethylene terephthalate (PET) sheet (melting point = 260 <C) is used to serve as the
substrate for the experimental demonstration. Currently, the fabrication process of flexible
piezoelectric energy harvester built on the low melting point substrate demands a complex
sintered PZT film transfer step due to the mismatch between the melting temperature of
the substrate and the film sintering temperature. However, by using this new process
technique, a flexible d33 mode piezoelectric energy harvester is fabricated directly on the
PET and tested. Desirable energy output is detected during measurement. The fabrication

and testing processes are presented in Chapter 4 in detail.

1.4.4. Piezoelectric Properties Manipulation (Chapter 5)

Sintering and dipole reorientation (or poling) are two necessary fabrication steps for
realizing ferroelectric film devices. Generally, these two steps are separately processed,
which requires long procession duration and increases the complexity. The temperature
changes due to the rapid pulsed flash accomplish the cyclic temperature excursions in the
PZT film to above and below the Curie temperature, which provides a well temperature
condition for dipole reorientation and creates the opportunity for the simultaneous
performance of poling during photonic sintering. Chapter 5 is focusing on the
demonstration of dipole reorientation during photonic sintering to further enhance the
piezoelectric properties and shorten the procession duration. The film was characterized
using gs3 and dss. Comparison was carried out with other 5 control groups to verify the

enhancement of piezoelectric properties.
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Chapter 2 Piezoelectric Transducers

2.1. Introduction

Piezoelectric effects, including direct and inverse piezoelectric effects, have been
extensively used in MEMS (microelectromechanical systems) devices recently. It is
defined as the electric polarization (or mechanical strain) linearly produced by mechanical
strain (or applied electric field).

The piezoelectric transducers can be divided into three classes according to the
thickness [1]: If the thickness is over 25 um, it is called bulk piezoelectric device. The
established industrial manufacturing approaches have better reliability for bulk devices.
For the film thickness in the range of 1 ~ 25um, it is called thick film piezoelectric device.
Compared with bulk devices, the key advantages of thick film are the lower driving voltage
and high-frequency applications. If the thickness is lower than 1um, it is called thin film
piezoelectric device.

Although there are many benefits of using the piezoelectric material for transducer
applications, limitations cannot be overlooked. Most of the piezoelectric materials are
containing toxic components that are unfriendly to the environment and harmful to the
human’s health. For instance, Lead, a highly poisonous metal, is contained in Lead
Zirconate Titanate material. Therefore, proper manufacturing processes and disposing
methods are significantly important. Additionally, most piezoelectric materials have
excellent chemical resistance [2]. Consequently, complex processes have to be involved to

fabricate desired designed features.
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2.2. Piezoelectric Actuators

Actuators are the devices operated by the driving power (electrical, thermal, and
optical) to output the motion or force for the system. Based on the mechanism of the driving
power, actuators can by classified into different types, such as thermal actuators [3-5],
electrostatic actuators [6-8], and piezoelectric actuators. The piezoelectric actuators take
advantage of the inverse piezoelectric effect to convert the electric power into mechanical
deformation to obtain the displacement. Piezoelectric actuators are widely used due to its
high precision (1 — 10 nm), large force generation (commercially available piezoelectric
actuators is able to generate up to several tons force within a range 100°s of um deflection
[9]), fast response time (in the range of micro-sec), small size and thermal expansion during
actuation [10]. However, the major drawback of a piezoelectric actuator is the accuracy
because of the ferroelectric hysteresis loop [11]. In addition, small generated strain limits
the piezoelectric actuators used for large displacement applications [12].

Because of aforementioned characterization of the piezoelectric actuators, they are
suitable for large forces but small strain applications. Many MEMS devices have integrated
piezoelectric actuators, such as micro-pumps, micro-mirrors, and atomic force microscope

(AFM), with two commonly used configurations, cantilever shape and membrane shape.

2.2.1. Cantilever-Shaped Actuators
-
P E Piezoelectric | = Electrodes
(b)

Figure 2-1. Diagram of a unimorph cantilever-shaped actuator (a). The piezoelectric material is
sandwiched between two electrodes (blue) and deposited on an elastic material. The cantilever is
bended while electric field is applied through the piezoelectric material (b).
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Figure 2-2. Two configurations of the bimorph
cantilever-shaped actuator. Two layers of
piezoelectric materials are separated by a center
electrode layer. The bending is generated in the
cantilever by either (a) oppositely applying the
electric field to the two piezoelectric layers that have
the same poling direction (parallel connection), or
(b) poling oppositely but applying the electric field
through the entire cantilever (series connection).
After the application of the electric field, both cases
will be bended up (c).

The cantilever-shaped actuators
employ a single piezoelectric material
that is sandwiched between electrically
conductive materials and deposited on
the cantilever-shaped, non-
piezoelectric elastic material substrate
with one fixed end and one free end.
Therefore, the electric field applied
between two electrodes results in the
strain along the transverse direction.
However, because of the strain resist of
the substrate elastic material, the
bending is induced in the structure.
Upon removal of the field, the elastic
restoring energy causes the cantilever
recovered to the original flat shape.
This so-called unimorph structure [13,
14], also known as heterogenerous

bimorph or monomorph structure [15],

is shown in Fig. 2-1. In order to amplify the tip deflection, bimorph cantilever-shaped

piezoelectric actuators are designed [16, 17]. As shown in Fig. 2-2, a bimorph structure

consists of two piezoelectric material separated by a thin electrode layer. By either

oppositely applying electric field to the two piezoelectric layers (same poling direction)

(Fig. 2-2 (a)) or oppositely poling the piezoelectric material (same applied electric field

direction) (Fig. 2-2 (b)), elongation is induced in one layer of piezoelectric material, while

shrinkage in the other layer. The deformation difference between top and bottom

piezoelectric materials leads to a larger deflection (approximately two times larger than

unimorph structure [18]) at the cantilever tip.
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Figure 2-3. A micromirror with four cantilever-shaped piezoelectric actuator groups (a). When
exciting different groups of actuators, the micromirro can achieve lowering, lifting (b), or angle
changing (c). Used with permission [22]

Micromirrors have received a great deal of attention due to their wide applications in
biomedical imaging [19], optical phased arrays [20], and projection displays [21]. For
piezoelectric actuated micromirrors, most designs consist of at least one cantilever
structure that supports and excites the mirror to bending vibration and twisting rotation.
For instance, recently, Liu et al [22] employed four groups of unimorph structure
piezoelectric actuators in a micromirror to control the tilting angle of the device. As shown

in Fig. 2-3, by applying electric field to different cantilever combinations, the micromirror

piezoresistor
PZT region

Figure 2-4. SEM image of a single AFM cantilever actuated by piezoelectric material (a) and the
morphology measured using this device (b). Used with permission [23]

is able to face to the expected directions with well controlled tilting angles.

Atomic force mircroscopes (AFM) are powerful tool for imaging surface or atoms
morphology via measuring (using a detection system) the displacement of a fine cantilever
tip as the sample surface moves under it. To obtain high resolution images with high
scanning speed, piezoelectric material is adopted for actuation purpose due to its capability
of nano-meter deflection and high resonance frequency. Kim et al [23] developed an array

of PZT cantilevers (Fig. 2-4 (a)) with a 73 kHz resonance frequency for AFM function.
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And the scanning speed is able to reach 1 mm/s with good detected topographical image
(Fig. 2-4 (b)). However, some undesirable properties such as hysteresis, nonlinear
sensitivity, thermal drift and creep cause image distortions and bad repeatability [24, 25].
Many researches have been carried out to minimize or eliminate these defects. For example,
Leang et al [25] designed a feedback and feedforward controller to compensate creep and
hysteresis effects in a piezoelectric AFM system.

(@) —

Micropumps are significantly essential device

—»T in drug delivery system to controllably deliver a

Chamber fine volume of drugs from reservoir to the desired

(b) object. Conventional drug delivery approaches,
—_— N

such as oral tablets, injections, and inhalers, cannot
Figure 2-5. When the diaphragm is deliver all drugs with accurately desired

deformed up (a) or down (b), the fluid ] ] )
is sucked in to or pushed out from the  therapeutic rate range or do not directly deliver to

chamber, respectively. This realizes the

- - : the affected area. Therefore, utilization of a
fluidic pumping function.

micropump is able to eliminate the inaccuracy and
inefficiency. Because of the purpose of fine controlling delivered drug volume and rate,
the piezoelectric material was widely employed in this application since one of the early
piezoelectric micropumps for insulin delivery was fabricated [26]. Typically, the
piezoelectric material is used to deflect the diaphragm of the chamber, with the
combination of unidirectional valves or a peristaltic structure, to suck the fluid in (Fig. 2-5
(@) and push it out (Fig. 2-5 (b)) unidirectionally. By repeating this cycle, the functional

fluid is transferred from the inlet (connected to the reservoir) to the outlet (to the affected

area). The benefits of using the S-crelr
piezoelectric ~ material  in : Binorph ﬁ @_
. 1 ~\ fr:r

micropump application

Power

i
Q \ Source
\

_ _ _ Figure 2-6. A cantilever-shaped PZT actuator was built on top
piezoelectric micropump  of the micropump to deflect the chamber and to realize the
fluid flows from inlet to outlet. Used with permission [27]

include good reliability,

energy efficiency, and

moderately ~ pressure  and

displacement. Wang et al. [27]

designed a high flow-rate
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actuated by a top cantilever-shaped piezoelectric actuator as shown in Fig. 2-6, which was

experimentally demonstrated a maximum flow rate of 365 pl/min with a maximum back

pressure of 2.38 kPa when using 100 Vpp square actuator driving voltage at 20 Hz.

2.2.2.

Generally, membrane-shaped
piezoelectric actuators are fabricated by
depositing piezoelectric films on top of a
substrate, which is typically made of silicon
[28] or Polydimethylsiloxane (PDMS) [29].
Therefore, the piezoelectric effective
expansion of the film is limited due to the
substrate expansion resistance resulting in
structural bending in the film and diaphragm.
The maximum deflection is located at the
center of the film. However, due to the low
stiffness of the bending structure, the
actuators are typically used in low force and
small displacement applications, such as
micropumps, ink-jet printers, and micro-

motors.

amplitude  piezoelectric diaphragm pump body

\ )

A N

AR
I :

check valves

chamber  outlet inlet

Figure 2-8. Piezoelectric membrane is deflected
up and down due to the directional alternation of
applied electric field. And this causes fluid
sucked in and pumped out through the chamber.
Used with permission [34]
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Figure 2-7. The diagram of the micropump
with a circular shaped piezoelectric actuator.
() The cross-sectional view of the Kan et al.
designed micropump. It consists of an inlet
(1), one piezoelectric film actuator (2), two
cantilever valves (3, 4), one pump chamber
(5), pump body (6) and an outlet (7). (b) The
3-D structure of the micropump. Used with
permission [30]

Recently, micropumps driven by
piezoelectric membrane-shaped actuators
have been studied intensively. Kan et al
[30] designed a circular piezoelectric thin-
film actuator micropump as shown in Fig.
2-7. Up to approximately 3.5 ml/min flow
rate was achieved with 50 V actuation
voltage and 0.8 Hz frequency. Besides
circular shape, square- [31], rectangular-
[32], even dome-shaped [33] piezoelectric

membranes are all developed for different



flow rate and stiffness purposes. Moreover, Zhang et al [34] designed a micropump that
directly uses piezoelectric material as the diaphragm with no substrate. When the
piezoelectric diaphragm is excited by alternating electric field, it buckles up and down due
to the change of the sign of the electric field, and thereby the fluid is able to pumped in and

out resulting from the deflection of the piezoelectric diaphragm (Fig. 2-8) .

Both research and

(a) b o _ _ .
[ commercial ~ ink  ejecting

- .
g«- —;7‘ applications also  employ
s > - 1+ C:gfn?cs piezoelectric membranes due
Y 1ezo : ) .

Ceramics Diaphragm S0k to their requirement of

controllably fine deflection.
Figure 2-9. Two ink ejection modes used in ink-jet printing heref . . lectri
technology. (a) The piezoelectric actuator is placed over the 1 herefore, during piezoelectric
wall and squeeze the ink out during actuation. (b) The actuation, an expected volume
piezoelectric actuator is on top of the ink chamber and ) ) ) )
pushing the ink out during actuation. Used with permission Of ink stored in the cartridge is
[3°] either squeezed (Fig. 2-9 (a)) or
pushed (Fig. 2-9 (b)) out and deposited to the substrate [35]. Commercially available down
to 1 pL ink drop volumes has been developed by FUJIFILM Corp. using piezoelectric
actuators.
Another application of membrane-shaped piezoelectric actuator is ultrasonic
micromotor. Since ultrasonic piezoelectric micromotor was invented by Vishnevsky et al.

[36], many commercial products and

Advancing direction

researches [37-39] have been developed. of rotating body

Generally, an ultrasonic micromotor is

Stator —»

driven under the piezoelectric material

resonance frequency (in the range of 20 —

150 kHz). And it firstly converts electrical NN Elastic body
Ad\-'anci.pg direction Piezoclectsi
energy to oscillatory bending motion via of raveling waves coramics

piezoelectric material. Depending upon the Figure 2-10. A wave of mechanical
deformation with ultrasonic frequency is
generated in the piezoelectric material to
torsional or flexural), the structure can be deform the stator. The top rotor is therein

travelling along the stator following the wave.
induced series of travelling waves of Used with permission [39]

excitation modes of bending (longitudinal,
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deformation. This deformation occurs in a stator. Then this deformation is rectified to a
driving force to achieve a unidirectional rotary or linear motion in a rotor or a carriage as

shown in Fig. 2-10.

2.3. Piezoelectric Sensors

Sensors are the devices that convert a non-electrical physical or chemical quantity or
parameter into an electrical signal and thereby can be detected and to convey information.
Generally, an ideal sensor should: be able to be operated continuously without affecting
the measurand; have appropriate sensitivity for a specific application and selectivity for a
measurand; own fast and predictable response to the measurand; have a high signal to noise
ratio (SNR); and be calibrated easily. As a microsensor, compacted size is also one of the
most essential requirements. Piezoelectric material is a good microsensor candidate
because of the direct piezoelectric effect. Basically, piezoelectric sensors are force sensors.
Based upon the designs, piezoelectric force sensors can be expanded to other force related
parameters sensing applications. However, the major drawback of piezoelectric sensors is
that they can only measure dynamic or quasi-static force. Moreover, small electric signal
output of the piezoelectric sensors requires an amplifying circuit for most applications.
Although piezoelectric sensors have high SNR, the resistance from severe environmental
condition, such as temperature (due to pyroelectric effect), vibration, electric and magnetic
fields, is low and accordingly results in adversely influence to the performance of the
sensor. Therefore, packaging sensors with protective materials or components is needed.

The first piezoelectric sensor was designed for force, pressure and acceleration
measurement purposes in the period of World War | for research only [40]. Later, J.
Thomson firstly reported a piezoelectric pressure sensor in year of 1919 [41]. Since then,
piezoelectric sensors have gained great attention and development resulting in increasingly
number of applications in deep ocean exploration [42, 43], structural health monitoring
[44], and smart autonomous robot [45, 46]. In this section, several piezoelectric sensors

will be introduced with their principles and applications.
2.3.1. Pressure sensors

The quantity “pressure” is defined as a force exerted on a unit area surface. Therefore,

piezoelectric pressure sensor is a special form of force sensor with a design of a constant
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I — effective area, generally a diaphragm.
|

Basically, there are two types of pressure
Piezoelectric element

sensors, namely absolute and differential
] Electrode

] ) o ~ pressure sensors. Both types are measuring
Figure 2-11. Diagram of a basic piezoelectric

sensing element. The piezoelectric material is the difference between the reference

sandwiched between top and bottom
electrodes. And the entire structure is anchored

to the substrate. reference pressure of the former type is the

pressure and given pressure. However, the

pressure in a sealed chamber, generally a vacuum environment (ideally, zero Pa); while the
reference pressure of the latter type is a non-zero pressure level (mostly are atmospheric
pressure). Absolute pressure sensors can be used as barometric pressure sensors [47], while
the differential pressure sensors are reported for the applications of flow rate measurement
[48] and arterial pressure monitoring [49]. The basic structure of the piezoelectric sensing
element is shown in Fig. 2-11. The piezoelectric material (generally a film) is sandwiched

between top and bottom electrodes. So the

) r _H\'- ';::\‘_'“\
application of the force to the sensor induces (—»—'\’C:Q_,' )
charges accumulated in the electrodes and ® A

] ZnO thin film ring i
detectable. Therefore, the pressure can be easily 127
ITI Sensor A Sensor B
obtained by dividing the measured force by the e e >

[ ! A /

fixed effective sensing surface area. This +§/ ////// %/ 7 Si +§

structure is adopted to many piezoelectric Inlet Restrition Outlet

sensing applications. For instance, Kuoni et al.  Figure 2-12. Diagrams of top and cross-
sectional view of the differential pressure
flow rate sensor. By measuring the

by measuring the differential pressure at two pressure difference at the diaphragms of
) ) ) two chambers (chamber A and B), the flow
Chambel‘s USlng '[hIS structure (Flg 2'12) [48] rate can be calculated. Used with

permission [48]

designed a ZnO piezoelectric flow rate sensor

The sensitivity of single pressure sensor at one
chamber was measured to approximately 8 mV/mbar. When the fluid flows through the
pump, the pressure difference between two chambers were measured and used to calculate
the flow rate. One more example is shown in Fig. 2-13 (a), a pressure sensor made from
PVDF proposed by Shirinov and Schomburg [50]. The applied pressure deforms the PVDF
foil, and accordingly induces the electric signal. As previously mentioned, the output of

the signal of piezoelectric sensor is too small to be measured accurately. Amplifying circuit
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is needed in most applications. Fig. 2-13 (b) is one of the methods for amplifying the signal
used in [50]. And by thoroughly choosing the capacitance of Co, the output voltage can be
amplified since it is the quotient of dividing PVDF generated charge (Q) by Co.

(a) ¢ ll Pressure (b)

Electrode

LTHITHTTT |||F|||| IIIEIIIIIII IIIIIIHIIFIIIIIIII

\\\\\\\\\\\

Electric A
Contacts upport
ASurface I
Piezo-electric Deflection
PVDF foil stop v-15v

Figure 2-13. (a) The diagram of a PVDF foil pressure sensor. (b) The output signal was amplified
by connecting with an amplifying circuit. Used with permission [50]

2.3.2. Accelerometers

Piezoelectric accelerometer was firstly designed by Bruel and Kjaer (B&K) and made
from Rochelle salt in 1943 in Denmark [51]. And to date, because of the advantages [52]
of excellent linearity response, wide frequency range, compacted device size, and no
external power required, piezoelectric accelerometers are widely adopted in variety
commercial applications, including inertia navigator, seismic sensor, and shock pulse

monitor. In principle, in order to measure

acceleration, a mass (usually called seismic
mass) with m weight has to be attached to /m

the piezoelectric material. Therefore, when

the velocity of the system changes, due to

Air Pocket

the inertia of the mass, it either compresses

or stretches the piezoelectric material

resulting in electrical signal that is linear to

the inertia force. So, according to Newton’s  Figure 2-14. SEM image of Wong et al designed
accelerometer, which is used to measure the
acceleration perpendicular to the planar surface
of the cantilever. Used with permission [53]

second law of motion, F = ma, by
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Figure 2-15. (a) The diagram of accelerometer for multi-directional accelerations sensing
purpose. (b) The inertia of the mass results from acceleration will lead to deflection occurred in
corresponded cantilevers and induces the electric signal. Used with permission [54]

measuring this force, the acceleration is able to obtained. There are generally two
configurations of piezoelectric accelerometers. First is using single sensor to measure
acceleration along single direction. For instance, Wong et al [53] designed a ZnO
accelerometer as shown in Fig. 2-14. When the device is experiencing a vibration or
acceleration perpendicular to the planar surface of the cantilever, the inertia of the mass
will cause the bending of the cantilever and will lead to the electric signal generated from
the ZnO that was coated on top of the cantilever. However, for most cases, the accelerations
along multiple directions are needed. So multiple accelerometers are integrated into one
single compact unit and form a multi-axis accelerometer. The second configuration is like
this: a mass is centered and connected with multiple resilient soft cantilevers, where
piezoelectric material is placed, along multiple directions. So this accelerometer can
measure acceleration along different directions. In the year of 2014, Yao et al [54] reported
an accelerometer patent, which used this configuration as shown in Fig. 2-15 (a). The
seismic mass (108) is centered and supported by four cantilevers (110) of which
piezoelectric thin films are coated on the top surface. And interdigitated electrodes (114)
are utilized to structure the piezoelectric device as ds3 mode for improving the sensitivity.
When the acceleration is perpendicular to the device, the mass would be lifted or lowered
resulting in all cantilevers bending. But if the acceleration is along the directions that are

parallel to the device, rotation would occur at the mass and deflect corresponded cantilevers.
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By detecting the output signal source and value, the direction and value of the acceleration
can be obtained (Fig 2-15 (b))

2.3.3. Gyroscopes
In order to complete a movement measurement of
Yaw an object, besides the linear motion sensing using an
accelerometer, rotation (pitch, yaw and roll determined
asin Fig. 2-16) sensing is also required. The device that
. is used to detect the rotating speed is called gyroscope.
Pitch Centrifugal, and Coriolis forces are playing significant

Roll

roles in gyroscope. For any point in a rotating system,

Figure 2-16. Roll, pitch, and yaw
are the rotations along X, Y, and Z
axis, respectively. Coriolis force will be activated only when this given

it is always exerted a centrifugal force. However, the

point is experiencing relative motion to the rotating system. So according to this principle,
the gyroscope is always vibrating at its resonant frequency (also known as driving mode).
When the gyroscope is experiencing a rotation (also known as sensing mode), Coriolis
force will be applied to the vibrated device since this vibration is the relative motion to the

rotating system. So the piezoelectric material is able to sense this force and the rotation

t : Pilot speed

t : Coriolis forces

Spring

Frame

Fixation

part

Figure 2-17. Simulation results of 3-axis Coriolis Vibrating Micro-Gyros: (a) structure layout,
(b) driving mode, (c) X axis sensing mode, (d) Y axis sensing mode, (e) Z axis sensing mode.
Used with permission [55]
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speed can be calculated by Fc = 2mQ xo (Fc is the Coriolis force, m is the sensor weight,
Q is the rotating speed of the system, v is the relative motion speed). Based upon it, Roland
et al. presented a piezoelectric Coriolis vibrating gyroscope allowing the measurement of
rotation rate along 3 orthogonal axes (Fig. 2-17) [55]. The frame and spring are all made
of piezoelectric material (GaAs), sandwiched between top and bottom Au/Cr electrodes,

and anchored to the center fixed element. During rotation, due to the extra motion on the

(a) -ﬁ - (b)
|I :i'l
— Such that the force is measured and

Figure 2-18. Simulation performed in COMSOL ]
for different device positions. (a) For straightly ~rotating speed can be calculated.
placed device, the weight of the center mass is
applied to the bottom plate. (b) While three

plates are exerted force when the device istilted.  when sensing pitch and roll. For instance,
Used with permission [56]

sensing elements (e.g. motion towards z

direction on beam 1 and 3 when rotating

along x axis), deflection is occurred on

related beams and generates electric signal.

Additionally, gravity is also utilizable

Madhuranath et al. simulated a
piezoelectric gyroscope that only based on gravity as shown in Fig. 2-18 [56]. When the
sensor is at the different angular position, the weight of the center mass is applied to
different sensing plates (piezoelectric material). Therefore, by monitoring the force applied
on all six sensing plates, the rotating angle of the sensor can be obtained, so as rotating
speed.

2.3.4. Strain Gauges

Since strain is inherently associated with

“ force, the piezoelectric strain gauges are

actually force sensors. If a force sensor is

Silver paste

attached to the structure that is undergoing the

Figure 2-19. A ZnO nanowire piezoelectric  deformation, this deformation will yield a
surface strain sensor on the PDMS substrate. ] ] ]

Used with permission [57] signal in the sensor that is proportional to the

strain. According to the place where it is

attached, piezoelectric strain gauges can be divided into two types. If the gauge is bonded

to the surface of the structure, it is called surface strain gauge. For example, Zhou et al.

[57] bonded ZnO nanowires on the PDMS-polystyrene flexible substrate (Fig. 2-19). When
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the substrate is experiencing tensile strain, the ZnO nanowires are also strained and thereby
generating correlated electric signal. On the other hand, if the gauge is embedded inside

the host structure, it is called pin strain gauge.

2.4.  Piezoelectric Energy Harvesters

With the development of MEMS, a power source that can provide stable, reliable and
continuous energy to operate the systems is becoming indispensable. While most devices
use a battery, this requires routine recharging or replacement. Therefore, a great amount of
researches has been carried out on the energy harvesters as the self-power source.
Electromagnetic, photovoltaic, and thermoelectric energy harvesters have been developed
for different applications, such as wristwatches and solar panels. Piezoelectric effect
provides an opportunity to leverage the mechanical energy from human body motion or the
environment to power low energy required systems. This conversion method shows many
advantages as a candidate of the micro energy harvester over other methods of conversion,
such as greater output power density and simplicity of construction [58, 59].

2.4.1. ds1 and dss Modes
(a) dz1 mode (b) dss mode
S S
<« s N>
Stress Electric Field Stress
Electric Field
Piezoelectric Material B Electrode

Figure 2-20. Two commonly used mode in piezoelectric energy harvesters. (a) ds: mode is the
electric field direction perpendicular to the stress direction. While (b) ds;s mode is these two
directions are along the same axis.

Many methods have been reported to improve the harvested power by an energy
harvester. One major method is by selecting a proper coupling mode of operation. Two
modes are widely used for energy scavenging, namely ds; and dss, as shown in Fig. 2-20.
ds1 mode is that the applied stress direction is perpendicular to the poling and induced
charges direction (Fig. 2-20 (a)). So generally, the piezoelectric material is sandwiched
between top and bottom electrodes and the stress is applied transversely. For instance, Shen

etal. [60] designed and evaluated a d3; mode based piezoelectric vibration energy harvester
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Figure 2-21. A ds; piezoelectric cantilever-shaped energy harvester. (a) A schematic of the side
view of the energy harvester. The piezoelectric material was sandwiched between top and bottom
electrode to form ds: mode. (b) SEM image shows the top view of the energy harvester. Used
with permission [60]

as shown in Fig. 2-21. So when the cantilever is vibrating to bend, the direction of stress is
along the cantilever surface. However, since the electrodes are placed top and bottom, the
poling and induced charges directions are perpendicular to the cantilever, which is the
stress direction. So this is a dz1 mode energy harvester. Up to 2.15 uW was generated when
connected the device with a 6 kQ resistive load with applied 2ga acceleration vibration (ga
=9.81 N/m?).

@) er diitated (b) dss mode is the mode in which the
ot - Electrode stress is applied on the same direction

F,-— PET

; as the poling direction (Fig. 2-20 (b)).

“"‘“*zmz
E\ . So ds3 mode can be achieved by either
membrang

using a top and bottom electrodes to

Figure 2-22. A da3 piezoelectric cantilever-shaped ) ) ) )
energy harvester. Interdigitated top electrode was ~ sandwich the piezoelectric material,
used. So the electric field direction was the same as
stress applied direction to form a dss mode. The
schematics of the (a) side and (b) top view of the  the device; or using an interdigitated
energy harvester. Used with permission [61]

and applying a compressed pressure to

structure electrode on top of the
piezoelectric film, and applying longitudinal stress to the device. Jeon et al. [61] designed
a dsz mode piezoelectric energy harvester on a thin film cantilever (Fig. 2-22) with
interdigitated electrode on top of piezoelectric material. It was demonstrated that up to 1
uW was delivered to a 5.2 MQ load from the device under 13.7 kHz vibration frequency.
Eqg. 2-1 is showing the dominating equation of relation between the stress o and generated

open-circuit voltage (V) for these two modes

Vii = 083;L; (2-1)
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where o is the applied stress, g is the piezoelectric voltage constant and L is the distance
between two electrodes. The subscript (i) can be 1 or 3 representing dsi or ds3 mode,
respectively. Because, for most piezoelectric materials, gas (or ds3, piezoelectric charge
constant) is generally 2 ~ 2.5 times higher than gs1 (or da1). Furthermore, the L1 is limited
by the thickness of the substrate, while Lz can be easily designed and fabricated much larger.
Therefore, d3z mode is able to produce higher voltage. Despite it, daz is still commonly used

due to simpler fabrication process. Nevertheless, Lee et al. [62] have demonstrated that the
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Figure 2-23. The output voltage and effective power with resistive load of Lee et al. designed (a)
d31 and (b) d33 piezoelectric energy harvester. d33 mode can generate higher output voltage
(~1.8 Vp-p V.S. ~2.3 Vp-p). However, d31 mode can generate higher effective power (~1.15 yW
V.S. ~0.35 uW). Used with permission [62]

maximum output effective power of the dss mode is lower than dsz1 mode for the same
substrate, and piezoelectric material geometry and dimension (Fig. 2-23). Because the
overlap area of two electrodes of dz; mode is much larger than dss mode, while the distance
is much shorter, resulting in higher capacitance and lower impedance. Therefore, the
optimum load resistance of d3; mode is lower than dzz mode, and accordingly lower voltage

can produce higher power on the lower optimal impedance.

24.2. Flexible Energy Harvesters

With the development of flexible electronics, the requirement of more practical
applications, flexible energy harvesters have been extensively developed lately. In order to
achieve good flexibility without weakening the piezoelectric response, both substrate and
the piezoelectric material have to be flexible. PET (poly (ethylene terephthalate)), PDMS
(Polydimethylsiloxane), KAPTON, were chosen as the substrate because of their good
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Figure 2-24. Both substrate and piezoelectric material are required to be flexible to achieve
flexible energy harvester. (a) 2um PZT film on PET substrate shows flexible and transparent. [63]
(b) Formation of bulcked PZT ribbons on PDMS substrate. [64] (¢) SEM images of top and side
(inset) view of ZnO nanorods grown on a ZnO paper.Used with permission [65]. Figures are used
with permission.

flexibility. For piezoelectric material, thin film and nano wires/rods/ribbons are two major
candidates for flexible requirement. Park et al. [63] transferred a 2 um thick PZT film on a
PET substrate to realize a flexible energy harvester as shown in Fig. 2-24 (a) with high
piezoelectric performance (12.24 uW generated power). Qi et al. [64] transferred an array
of PZT ribbons from MnO substrate to pre-stretched PDMS substrate. After releaving the
PDMS stress, the PZT ribbons were buckled up with high stretchebility and flexibility as
shown in Fig. 2-24 (b). Up to 60 pA was generated from 10 ribbons when experiencing 8%
strain. Qiu et al. [65] demonstrated that ZnO nanorods flexible energy harvester which was
directly grew on a 0.4 cm =< 0.8 cm ZnO paper can generate up to 10 mV output open-
circuit voltage and 10 nA current (Fig. 2-24 (c)).

Because of the flexibility, the applications of piezoelectric energy harvester have been
largely expanded. An increasing number of biomedical applications of flexible energy
harvesters have been developed. Hwang et al. [66] designed a self-powered cardiac
pacemaker enabled by a single crystalline (1-x) Pb(Mg13Nb23)O3 - x PbTiOz (PMN-PT)
flexible energy harvester as shown in Fig. 2-25 (a). A real-time functional electrical
stimulation was performed on a live rat using this energy harvester by bending and
releasing the device to provide an artificial heart beating. The experimental results
confirmed the function. Dagdeviren et al. [67] attached a flexible PZT ribbon energy
harvester on bovine heart to convert the mechanical motion of heart to electric power to

charge a cardiac pacemaker (Fig. 2-25 (b)). Flexible energy harvesters imbedded in shoes,
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backpacks, knees/arms/fingers/ mounted bands have also been designed and demonstrated

for powering biomedical sensors. [68-70]

€) (b)

ECG Monitor

Flexible
PMN-PT Thin Film
Stimulator

Figure 2-25. Flexible piezoelectric energy harvesters used for biomedical applications. (a) A
schematic of the artificial cardiac pacemaker using electrical energy from the flexible PMN-PT
energy harvester [66]. (b) PZT energy harvester was attached on the bovine heart to convert the
heart beat to electric energy to power a cardiac pacemaker [67]. Figures are used with
permission.

2.5. Conclusions

Three major members of piezoelectric transducers, namely actuators, sensors, and
energy harvesters are introduced in this chapter.

The piezoelectric actuators take advantage of the inverse piezoelectric effect to convert
the electric power into mechanical deformation to obtain the displacement. Piezoelectric
actuators are widely used due to its high precision, large force generation, fast response
time, small size and thermal expansion during actuation. Two commonly used
configurations in the piezoelectric actuators, cantilever shape and membrane shape, are
introduced in associate with the device examples. However, the major drawback of the
piezoelectric actuators is their accuracy because of the ferroelectric hysteresis loop.
Therefore, few solutions to overcome or reduce the impact from it are also provided
according to the literature.

Piezoelectric sensors are another widely used piezoelectric device. Basically,
piezoelectric sensors are only measuring the dynamic or quasi-static force. However, based
upon the designs, piezoelectric force sensors can be expanded to other force related

parameters sensing applications, such as pressure sensors, strain sensors, accelerometers,
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and so forth. Four types of sensors in associate with the characteristics are presented in this
chapter.

Piezoelectric energy harvester is the third major member of piezoelectric transducer.
Two popularly used coupling modes of operation, ds: and dss, are also presented in this
chapter with few biomedical applications.

The PZT devices are either built on the high-temperature substrates, such as silicon,
sapphire, and MgO, or constructed via complex film transfer method to realize the flexible
device on low-temperature substrates. There is a need to process piezoelectric material

directly on low-temperature substrates, which motivated this work.
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Chapter 3 Fabrication of PZT Film

3.1. Introduction

PZT has been extensively used in MEMS (microelectromechanical systems) devices
due to its high piezoelectric response [1-3]. Generally, the PZT powders are formed by sol-
gel method from Zirconium, Titanium, and Lead alkoxides. In order to form a PZT film,
three key steps are required, i.e. deposition, sintering, and poling. Deposition is the first
step of the film fabrication, which is used to form a PZT green body layer with desired
thickness on a substrate. To meet the thickness requirements, different deposition methods
have been developed, such as spin-coating, sputtering, and screen printing. This work
adopted aerosol-jet printing technique to realize the PZT film deposition. Sintering is
needed to densify the layer by fusing and merging the particles to enhance the film elastic
properties. Generally, the sintering is a high temperature (> 1000 <C) process with a
sufficiently long duration (> 0.5 hr). However, for some applications (e.g. flexible and
stretchable PZT energy harvesters), to prevent the low-temperature substrate from burning
and accordingly loose the properties, the substrate temperature increase has to be
maintained sufficiently low. Therefore, many methods, like laser sintering, and adding
sintering aids, have been employed to lower the film sintering temperature. The photonic
sintering approach using pulsed high energy flashes to sinter PZT film is proposed in the
work, for the first time, to sinter PZT film. During sintering, a low substrate temperature
increase was obtained. Poling step is critical and indispensable to enhance piezoelectric
property for the ferroelectric material, because the unpoled ferroelectric film shows low or
even zero net polarization to lower the free energy and reach the equilibrium state. Poling
is using high electric field in sufficient duration to reorient domains along the applied DC
electric field direction to enhance the piezoelectric property. This chapter mainly focuses
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on the approaches to realize these three steps and the new PZT aerosol-jet printing and

photonic sintering approaches.

3.2. Established Fabrication Methods

3.2.1. PZT Film Deposition

PZT film formation is the first step of creating a PZT device. It is necessary to form a

uniform film with the desired thickness and patterns at an expected location according to

the devices’ applications. Various built reliable deposition approaches have been employed

for forming a PZT film.

(a) (b)

Ink

<

(©)

Substrate I\ Spinner I I

Vacuum

Figure 3-1. The procedure of spin coating step. (2) A small amount of ink is dispersed at the center
of the substrate which is adhered to the spinner by vacuum. (b) The spinner starts to rotate. The
centrifugal force spreads the ink out and makes the ink coated on the substrate. (c) The spinner
keeps spinning to uniform the ink on the substrate.

Spin coating is one of the most common techniques to create a thin film on the flat

surface. It can produce a uniform and evenly distributed film with, generally, nanometer

thickness quickly and easily. Figure 3-1 shows the typical procedure of spin coating. The

3,51 -~

3,04

Thickness (pm)
2 NN
. r.2.9
,
‘w
N

o

tn
]
N,

2 4 5 8 10
Number of layers

Figure 3-2. The thickness of a PZT film as a

function of the number of spin coated layers

on a stainless steel substrate. Used with

permission [4]

tool used for spin coating is called spin coater
(or spinner), which is used to provide high
rotation speed. A substrate is placed on the
spinner and is held by a high vacuum during
spinning. Usually a small amount of spinning
material (sol-gel or ink) is dispersed at the
center of the substrate (Fig. 3-1 (a)). Then the
spinner is rotating to spread out the material
on the substrate by centrifugal force (Fig. 3-1
(b)). The thickness of the coated film is
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mainly controlled by the spinning speed and the viscosity of the spinning material. The
spinning speed will be kept for a while (generally shorter than 1 min) to further spread the
ink and to uniform the film (Fig. 3-1 (c)). Because of its consistence and repeatability, thick
films can be created by repeating the spinning process. For instance, Seveno et al. studied,
at 6000 rpm spinning speed level during 20 s, the relation of number of coated PZT layers
and thickness (Fig. 3-2) [4]. However, spin coating is a “single substrate” process to coat
the entire surface of the substrate with the ink. Subsequent processing steps (masking,
etching, etc.) are required to realize design features. In addition, most of ink is flung off
the substrate and wasted during high speed rotation, the ink utilization is typically very low
(around 10% or less). Additionally, it is not quite suitable for powder-based solution.
Because the powders in the solution can be more easily spread out than the solvent due to
heavier weight. It results in more powders are either flung out or left at the edge of the
substrate. The powder uniformity and density in the film is relatively low.

Sputtering is another widely used thin

Substrate

: . o [

film deposition approach. The film is formed To—— = . . L
. ~ —> —
due to the bombardment of a solid target by ~ ©* e \ T
(e}
energetic particles (ions, electrons, etc.). ® o\ 56 B
i o

Therefore, many atoms are ejected from the ; hd .
solid target due to the momentum exchange + L Sttty Thiges

between incident energetic particles and Figure 3-3. The diagram of sputtering process.
bombarded target atoms. The ejected atoms ~ SPuttering gas (Avr) is ionized and energized to
) ) a target. Then the energetic ions bombard the
are deposited on the substrate to form a thin  target causing ejection of the target material
. . . . that is coated on the substrate. Used with
film (Fig. 3-3) [5]. Sputtering method is able permission [5]
to provide better step coverage than spin
coating. And reproducible deposition rate can be achieved using same process parameters
and accordingly results in good thickness control over time. Bouregba et al. used sputtering
approach to build a 150 nm thick PZT film in 0.5 hr [6]. While providing excellent control
over film thickness and good reproducibility, sputtering rate is quite low and thereby it is
only suitable for thin films.
Pulsed laser deposition is a chemical vapor deposition method developed over a

decade. The high energy pulsed laser beam is focused to the target and used to melt,
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Incident laser beam vacuum gauge evaporate, and ionized the target

material from the surface. The
mirror

vaporized target ablation is

substrate rotating target  deposited onto the substrate to form

] ] n a thin layer and kept growing until
X
|C i desired thickness is achieved. The
substrate holder target holder Process 1s shown in the Fig. 3-4.

This process can be occurred in both
gasinlet - yacuum or specific gas environment

(even air). Typical deposition rate is
Figure 3-4. The pulsed laser deposition setup. Used

with permission [7]. ~ 10s nm/min, plus the real time

thickness control by simply turning
the laser on and off, resulting in finely controlled thickness [8]. The substrate holder
generally can be heated enabling multilayer films to be deposited without the need to
remove the substrate after each layer deposition for thermal process (such as annealing or
sintering) [8]. Horwitz et al. [9] developed pulsed laser deposition method and applied to
PZT deposition, which yielded ~1pum thick PZT film using 5000 laser pulses.

Additive manufacturing is attracting considerable attentions due to its easy operation,
cost effectiveness, and scalability. Therefore, many additive manufacturing deposition
methods have been developed for PZT deposition, such as screen printing and ink-jet
printing.

Screen printing is the most popular and traditional method for building thick PZT films.
This technique requires creating designed features on a stencil that is placed under a screen.
During printing, as shown in Fig. 3-5 [10], the material paste is forced by a squeegee
through the fine mesh openings of the screen and transferred onto the substrate to form the
features that are created on the stencil. The thickness of the film is dominated by the mesh
size. Screen printing is one of the easiest methods for creating large size features without
material limitation for the substrate. Maas et al. applied this method to create a 50 um thick
PZT film on a silicon substrate [11]. However, this technique also has many limitations.
Different stencils are required when different designs are needed. Furthermore, the

minimum printed feature size is limited to approximately 100 pm and alignment accuracy

54



@ Squee_gge Screen

o

.
Substrate —_ = ~ Stencil
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Figure 3-5. The diagram of screen printing process. (a) Paste is placed onto the top of the screen.
(b) When the squeegee is applying pressure to force the ink passed through the mesh openings
and transferred down to the underneath substrate. (c) After relieving the squeegee, the transferred
paste left on the substrate. Used with permission [10]

is 3450 pm [12]. In addition, the film thickness is controlled by the screen mesh size that
cannot be changed. Additionally, the screen has to be carefully cleaned to avoid the mesh
clog and film contamination when next use.

Ink-jet printing has emerged as an alternate method of directly creating the desired
design features (film and bulk). The material ink is stored in a cartridge that is installed on
an ink-jet printer. During printing, ink is propelled through an orifice of the nozzle and
formed fine droplets. These droplets are deposited onto the substrate to form the film. The
printed film thickness can be controlled by the printing speed and the applied propelling
force. Okamura et al. [13] used ink-jet printing technique to prepare PZT thin films with
different Zr/Ti ratio and studied the properties of these PZT films. Wang et al. [14]
demonstrated high loading fraction PZT suspension (40%) was able to be continuously
ink-jet printed to form a bulk object without clogging the nozzle. Although ink-jet printing
can provide direct feature writing, variability in droplet size limits its minimum feature
sizes to approximately 20 pm [15]. Due to the size limitation of the nozzle orifice, only

very fine particle inks are accepted for printing.
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Aerosol-jet printing technique for PZT deposition is used in this work. The Aerosol
Jet printer (Optomec, Inc., USA) is a maskless, CAD driven, non-contact printing system
to deposit inks such as the PZT inks used in this research. The Aerosol Jet printer is able
to precisely print inks having a wide viscosity range (1-1000 cP) onto almost any substrate
including non-planar substrates. The printed film thickness can range from 100’s of
nanometers to 10’s of millimeters depending upon the ink formulation and printing speed.
The minimum achievable feature resolution is approximately 10 pm [16].

The described deposition methods are summarized in the Table 3-1 with the strengths
and weaknesses.

Table 3-1. Deposition methods with the strengths and weaknesses.
Deposition Method Strengths Weaknesses

Spin Coating Easy to operate. Short “Single substrate” process,
processing duration. Enable for the specific size and
to realize a wide range of film feature requirements,
thickness (nm to um). subsequent processes are

needed. Low ink usage rate.

Sputtering Good repeatability. Well Low deposition rate, thus
thickness control over time.  only suitable for thin film.

For specific size and feature

requirements, mask or post

processes are needed.

Pulsed Laser Deposition ~ Good repeatability. Real time Low deposition rate, thus
thickness control. Easy for only suitable for thin film.
multilayer films realization.  For specific size and feature

requirements, mask or post

processes are needed.
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Deposition Method

Strengths

Weaknesses

Screen Printing

Ink-Jet Printing

Aerosol-Jet Printing

Short
processing duration. Direct

Easy operation.

realization of the features.

Easy to make changes to the
design. Direct realization of
the features. Short processing
Wide
printed film

duration. range of
thickness

(depending on the ink
property)

Easy to make changes to the
design. Direct realization of
the features. Short processing
Wide
printed film

duration. range of
thickness
(depending on the ink
property). Wide range of
printable ink viscosity (up to
1000 cP). Can print on non-
planar  substrate. High

printing speed.

Low resolution. Different
stencils are required for

different designs.

Different cartridges are
required for different inks.
Long processing time for
large features. Short range
of printable ink viscosity
(up to 20 cP)

Splatters affect the feature

resolution.
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3.2.2. PZT Film Sintering

In order to densify the deposited film, enhance the

mechanical properties of the PZT film, sintering
Deposited

process has to be performed after deposition (and

drying). During the sintering process, the PZT particles

ried % fuse and merge together to form a high density film as
e ¢ |
shown in Fig. 3-6 [17]. Generally, the sintering

Fired
" __m__ temperature of PZT is higher than 1000 <C for a long

period of time. For instance, Sangsubun et al. [18]

Figure 3-6. The sintering further sintered PZT powders at 1200 <C for 4 hr to obtain a
dries the film and burns the organic
products out. Particles fuse and
merge together at high sintering density to the theoretical value. However, at such a

temperature. Used with permission )
[17] high temperature, several issues may occur to weaken

highly densified film with approximately 96% relative

the PZT film mechanical and piezoelectric properties. Firstly, oxidization of the substrate
is one of the most severe issues. Therefore, inert gases (e.g. Argon) are used to create
oxygen-free environment. Moreover, those materials that are not easily oxidized, such as
SiO; and Pt/Ti, are generally chosen as the substrate to further eliminate oxidization.
Secondly, Lead tends to lose through the release of PbO vaporization during high-
temperature (>850 <C) processing [19]. Therefore, extra amount of Pb or PbO is necessary
to compensate the loss. Furthermore, the permeation and reaction may happen between
Lead and the Silicon substrate. So insulator layer is generally required to isolate PZT and
the Si substrate. Additionally, size shrinkage occurs during sintering (especially in thick
PZT films) due to the removal of organic products and particles merge. This shrinkage
would result in cracks in the film and hence weaken the piezoelectric property.

Because of aforementioned issues, performing a high temperature sintering is
complicated, time consuming, and problematic for some applications. Several relatively
lower temperature and shorter duration sintering methods have been developed.

A popular method to lower the sintering temperature of the PZT film is adding
sintering aid. It has been demonstrated that the sintering temperature can be dramatically
reduced to approximately 800 <T by adding liquid phase sintering aid [20]. Sintering aid is

playing two roles during sintering. On the one hand, it is performed as a lubricant to reorient
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the particles in the film to a better degree of merging. On the other hand, sintering aid acts
as a diffusion path for the PZT particles to encourage dissolution and reprecipitation of the
particles. Therefore, it accelerates the densification process. Many chemicals have been
reported as the sintering aids, such as PbO [21], PbsGes011 [22], and LiBiO2-CuO [23].

Microwave sintering method was developed to shorten the sintering time and lower
the sintering temperature. Microwave is electromagnetic wave with wavelength ranging
between 1 m and 1 mm and frequency ranging from 1 to 300 GHz [24]. The difference
between conventional furnace thermal sintering and microwave sintering is the mechanism
of these two methods. Thermal approach sinters samples by transferring the heat through
the objects via thermal conduction. The heating source of this technique is the furnace.
However, microwave sintering is different. The material absorbs the electromagnetic
energy and transforms it into heat to increase the temperature. Therefore, the heating source
is material itself. Additionally, the internally generated heat is more selective and rapid to
give rise to higher heating rates and remarkable reduction in the processing time (generally
< 0.5 hour). Besides, because the heat is self-generated from the material, the heat
consumption to the tool walls is avoided. For instance, Chang et al. used microwave
method to successfully sinter sol-gel derived PZT at 500 W for 5 minutes soaking duration
[25]. Although, the densification of the microwave sintered film is much higher than
conventional thermal method with the same temperature and duration, some fundamental
issues limit wide usage of microwave sintering PZT. The PZT can only absorb waves with
a specific range of frequency, which limits the tool to high frequency (> 25 GHz). However,
most commercialized microwave tool is at approximately 2.4 GHz, which lead to low
microwave absorption of PZT. Therefore, either preheating is used or absorption aids are
added to increase the efficiency of sintering. For example, Sharma et al. added Carbon
powder in the PZT film to enhance the absorption [26]. Additionally, because the heat is
generated internally, the volume of material is determining the heat generation. For a non-
uniform film, the heat would generate non-uniformly and result in non-uniform property,
even cracks in the film.

Laser sintering is an alternative low temperature fast thin film sintering approach. This
technique uses focused high energy laser beam to scan the film in continuous or pulse mode

to fuse and bond the powders into a layer of solid mass. For sintering PZT film, two kinds
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of lasers are widely used: CO. and UV lasers. The advantages of laser sintering include the
flexibility in manufacturing composites with different geometries with assistance of
computer; controllable sintering thickness depending upon the laser energy and scanning
speed; low influence to the substrate so create the possibility of processing PZT on low
melting point substrate. However, laser sintering is not suitable for large size PZT samples
due to the limitation of the laser spot size (generally ~ 50 um in diameter).

The photonic sintering method is explored to eliminate the limitations of the existing
sintering techniques in this work. The photonic sintering tool has a Xenon gas-filled flash
lamp to generate broadband (ultraviolet to infrared), sub-millisecond high intensity pulses
that controllably heat the particle films. The short pulse duration enables control of desired
absorptive film heating and avoids undesirable conductive substrate heating. This approach
permits PZT sintering while minimizing substrate heating, creating opportunities for direct
sintering on low melting point materials.

The described deposition methods are summarized in the Table 3-1 with the strengths
and weaknesses.

Table 3-2. Sintering methods with the strengths and weaknesses.

Sintering Method Strengths Weaknesses
Furnace Easy to operate and access. Inert gas needed for
Well established. Few avoiding oxidation.

parameters to control (time,  Substrate is heated up, thus
ramping rate, and low-temperature substrate
temperature). cannot be used for high

temperature process.

Microwave High heating rate. Reduction Low energy absorption for
in the processing time over PZT  sintering. Non-
the furnace sintering method. uniform sintering quality

for non-uniform film.

Laser Controllable sintering Low scanning speed and

thickness and path. Low small laser spot size limit to
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Sintering Method Strengths Weaknesses

substrate temperature use it only for small
increase. features.
Photonic Easy operation. Extremely Temperature gradient

short processing duration. resulting in inconsistent
Low substrate temperature sintering quality along

increase. depth direction.

3.2.3. PZT Film Poling

The properties of the piezoelectric materials are strongly dependent upon the direction.
Significant differences of elastic and electric properties can be detected along different
directions in fabricated PZT devices as mentioned in Chapter 2. However, in the unpoled
PZT film, it shows low or even no overall piezoelectric property because of the distribution
and orientation of the domains are arranged to minimize material free energy. Therefore,
poling, which is used to reorient the domains towards the applied field direction, is
significantly important to enhance the PZT piezoelectric property. Three factors are
affecting poling quality, i.e. electric field, temperature, and time. The electric field is
applied to generate space charge induced internal bias field in the PZT film to facilitate the
alignment of the domains. With assistance of elevated temperature, the mobility of the
domains is increased and, accordingly, it enhances the response of the domains to the
electric field. Sufficient duration is also required for the poling process to stabilize and fix
the reoriented domains after removing the field and temperature. However, the goal of
poling process is using relatively shorter time, lower temperature and electric field to
maximize the domains reorientation to obtain as high piezoelectric properties as possible.
The most widely used method is directly applying high electric field (20 ~ 100 kV/cm)
through the PZT film at elevated temperature, but lower than Curie point (Tc), for
sufficiently long time (> 0.5 hr) to facilitate domains reorientation and stabilization. Since
the breakdown field of the dry air is approximately 30 k\V/cm, the sample would be poled
in silicone oil while high poling electric field is utilized due to the high breakdown field of
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the silicone oil. However, cleaning is very complex and time consuming after poling in the
silicone oil. Therefore, several poling approaches have been developed to lower the field
while obtaining similar or even superior piezoelectric property for PZT as conventional
poling method.

One developed method is high temperature poling. This method requires the
temperature increases to above PZT’s Tc. Then desired DC poling electric field is applied
and kept with reducing the temperature slowly to below Tc. This method is effective since
the highest polarizability is just below Tc. Moreover, the electric field can be relatively low
due to high temperature is utilized to highly increase the mobility of the domains. However,
this high temperature limits further piezoelectric property improvement using a higher field
since higher domain mobility results in lower breakdown field of the material. Additional
to the better piezoelectric property, heat resisting property of the piezoelectric property of
the PZT film is also demonstrated to be improved [27].

Photo-assisted poling has been demonstrated to improve the piezoelectric property of
thin PZT films by Kholkin et al. [28]. Because the ultraviolet (UV) illumination of PZT
films under electric field excites charge and the charge carriers may be trapped by defects
near the film-electrode interfaces resulting in a bias electric field that compensated the
depolarizing field. As a result, it improves the polarizing quality. However, since for the
bulk PZT structure, high thickness

results in opaque deep position at 150 @ dark poling

visible and UV  wavelengths. © photoinduced poling |

Therefore, high poling quality would %100- ] ° o © |

be difficult to be achieved at the deep & e ©

layer. Consequently, this poling o 50 . ¢

method can only positively affect thin -

films. Notice that, for exposure U_—._ : e |
0 50 100 150 200 250

purpose, the top electrode of Poling field (kV/cm)

sandwiched PZT  samples (i.e. Figure 3-7. Piezoelectric coefficient (dss) of a PZT
film as a function of the applied poling field in dark
and photoinduced poling conditions. The
requires transparent or photoinduced poling results in enoumously higher
. ) . dss value when the filed level is higher than 50
semitransparent. So thin film or kw/em. Used with permission [28]

electrode-PZT-electrode structure)

62



transparent electrically conductive material has to be used as the top electrode to allow for
UV illumination of the film during poling. In order to obtain UV light, Kholkin et al. [28]
used a 100 W Hg arc lamp, whose light was filtered through a 280 — 400 nm dichroic mirror
to avoid excess heating of the films. After only 10 minutes poling at different electric field
levels, the ds3 was measured and plotted as a function of filed levels. A pronounced increase
of ds3 can be observed in photoinduced poling method compared with dark poling (without
UV illumination) when poling field is higher than 50 kV/cm (Fig. 3-7).

Indium Tin Oxide (ITO) coated glass is widely used in many optical applications due
to its electrical conduction and optical transparency. Ting et al. [29] employed this material
as the electrodes for PZT film and claimed an enhanced piezoelectric properties of PZT
was obtained. It is known that at a given temperature and duration level, the higher electric
field applied to the PZT film, the higher piezoelectric field can obtained. However, many
studies have been carried out and the observations reveal that cracks are produced and
extended when high electric field is applied [30, 31]. These cracks lead to electric
breakdown to negatively affect the poling process. However, Ting et al. [29]
experimentally observed that the utilization of ITO glass electrodes can overcome the

cracks occurred during high electric field (40 kV/cm) poling.

3.3.  Photonic Sintering of Aerosol-Jet Printed PZT Film

With the development of the MEMS, the requirements of the low substrate temperature
increase during PZT sintering is more and more urgent for some applications, for instance,
flexible energy harvesters. Using conventional or aforementioned developed sintering
methods could not meet the temperature requirement of the substrate. Therefore, this work
reports a new PZT sintering method, namely photonic sintering. This approach facilitates
the sintering of the PZT layer while lowering the temperature increase in the substrate.
Additionally, aerosol-jet printing method, which is a direct writing technique, is employed
for achieving PZT deposition. In this section, the detailed information of the new PZT
deposition and sintering method is introduced. The piezoelectric property of photonic
sintered PZT film is compared with thermally sintered sample to study the sintering quality

of this new approach.
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3.3.1. PZT Ink Preparation

The PZT ink was prepared from
" commercially available PZT nanopowders
(APC 855, APC International Ltd., USA)
with a ratio 53:47 of Zirconium to Titanium.

X-Ray Diffraction (XRD) on the starting PZT

(100) 111 powder was performed on a Rigaku D/MAX-
(200)
1 2B Powder X-Ray Diffractometer (Rigaku
WM Co., Japan). In order to eliminate the
20 30 40 50

influence of the substrate material, a silicon

Intensity (a.u.)

2 Theta (deg) wafer substrate was used to provide a clean

Figure 3-8. X-Ray Diffraction spectrum of
the commercially available PZT powders

shows peaks characteristic of a highly peak in the XRD analysis, while withstanding
crystalline perovskite structure.

background spectra with an easily identifiable

the high thermal sintering temperatures for
sintered PZT film XRD analysis. The spectra indicate that the powders have the expected
highly crystalline perovskite structure (Fig. 3-8). A PZT ink was formulated by mixing the
PZT nanopowders with a DI water and ethylene glycol (EG) (Sigma-Aldrich Co. LLC.,
USA) solution. To obtain uniform and high-density films, a dispersant, DisperBYK-180
(BYK Chemie, Germany), was added to the ink solution. Polyvinylpyrrolidone (PVP)
(Sigma-Aldrich Co. LLC., USA) was added to promote adhesion of printed PZT to the
substrate following drying. The PZT ink composition was obtained by settling test and trial
and error method. The ink composition by weight percentage is listed in Table 3-3.

Table 3-3. PZT ink composition

Material Weight Percentage
PZT 30
DI Water 49.6
EG 12.4
DisperBYK-180 5
PVP 3

During manufacture of the PZT nano-particles, the PZT solution is spray dried with
approximately 1% polyvinyl alcohol binder that agglomerates the nanoparticles together

into aggregates ranging 10 ~ 150 pm. The prepared PZT ink solution was therefore stirred
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Figure 3-9. After stirring by a homogenizer, the PZT powders were de-agglomerated to separated
particles (a). The inset of (a) is an example of one of five figures used to measure the powder size
distribution. PZT particle size distribution was measured after de-agglomeration by a
homogenizer (b). Over 70 % of the particles were smaller than 1.5 um. The largest measured
particle size was 3.54 um.

by a homogenizer (PRO 250, PRO Scientific Inc., USA) for 5 minutes at 26000 rpm to de-
agglomerate the PZT nano-particles (Fig. 3-9 (a)) and fully mix all components. The
particle size distribution after de-agglomeration was examined by SEM image analysis
using ImagelJ. The inset of Fig. 3-9 (a) is an example of one of five equivalent magnification
SEM images used for calculating the particle size distribution. The size distribution result
is statistically recorded as shown in Fig. 3-9 (b). Over 70 % of the particles were smaller
than 1.5 pm with the largest measured particle size 3.54 um. The prepared ink was then
transferred to a 120 ml atomization jar in the Aerosol Jet printer. The Aerosol Jet printer
(Optomec, Inc., USA) is a maskless, CAD driven, non-contact printing system to deposit
nanoparticle inks such as the PZT inks used in this research. The Aerosol Jet printer is able
to precisely print inks having a wide viscosity range (1-1000 cP) onto almost any substrate
including non-planar substrates. The printed film thickness can range from 100’s of
nanometers to 10’s of millimeters depending upon the ink formulation and printing speed.
The minimum achievable feature resolution is approximately 10 pm [16]. The Aerosol Jet
printer atomizes the PZT ink into fine droplets that are carried to a ceramic nozzle with a
200 pm diameter orifice via a nitrogen carrier gas. The Aerosol Jet nozzle focusses the
droplet stream to a ~20 - 100 pm wide printed line, depending on process parameters, via
a co-axial nitrogen sheath gas. (The detailed process description of aerosol jet printing is
presented in the Appendix A)
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3.3.2. Film Sintering

Initial testing was done on stainless steel (SS) 430 substrates to facilitate direct
comparison between the new photonic sintering and conventional thermal sintering. The 7
mm <7 mm PZT film was printed on one side of the substrate. The printing speed was
computer controlled and fixed at 10 mm/s for these experiments. The printing process was
repeated twice on the same region to increase the printed film thickness. The printed film
was dried in a vacuum oven at 200 <C for 2 hours to remove solvent. The dried PZT film

was then either photonically or thermally sintered.
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Figure 3-10. The light intensity spectrum of the Novacentrix bulb generated at 250 V level pulse
setting (black), with a peak emission in the violet regime. The dried PZT film light absorbance
spectral curve (blue) has significant overlap with bulb emission, with the greatest absorbance in
the ultraviolet (< 400 nm), but significant absorbance at all wavelength levels due to the material

thickness (> 30 um). (Light intensity spectrum of the Novacentrix bulb courtesy from Novacentrix
Corporation)

For photonic sintering, the light absorbance of the PZT film was characterized from
300 nm to 900 nm using a spectrophotometer (UV2100U, Shimadzu Corporation, Japan).
The light transmittance and reflectance were measured directly using the
spectrophotometer and then the light absorbance was obtained by subtracting these two
components from the light source intensity. A plain glass slide substrate (Thermo Fisher
Scientific, Inc., USA) with a measured absorbance below 0.0005 was used in this
measurement to eliminate influence from the substrate. The measurement (Fig. 3-10)
shows that the PZT is most absorptive to UV light (< 400 nm), but has significant
absorbance at all wavelength levels. The light intensity of the flash lamp (75 mm long x<

20 mm internal diameter quartz tube) in the photonic sintering system (Pulseforge 3300,
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Novacentrix Corporation, USA) was controlled by four parameters: applied voltage (250
V), pulse duration (1300 L6), pulse frequency (2 Hz) and number of pulses (N=15). This
parameter combination resulted in an energy density of 2.85 J/cm? on the PZT film for each
pulse (total = 42.75 J/cm?). The lamp produces a broad-spectrum output that is somewhat
dependent on the applied voltage. For the 250 V pulse settings used in this research, the
spectral intensity of the lamp as a function of wavelength is plotted in Fig. 3-9 with peak
emission in the violet regime. Relatively high ultraviolet and violet light emission
generated from the Novacentrix bulb accordingly facilitates the PZT film sintering. A
thermocouple (MT-23/3, Physitemp Instruments, Inc., USA) was attached to the top
surface of the substrate close to the PZT film (< 1 mm) to measure the substrate temperature
in-situ. The thermocouple was shielded with white card stock paper to prevent direct
heating from the light flashes. The peak substrate temperature measured using the
thermocouple was 170.7 <C following the last pulse of the exposure pulse stream. For
conventional thermal sintering, the samples were placed in a furnace (Lindberg/Blue M
Box Furnace, Thermo Scientific, USA). In order to avoid oxidation of SS at high
temperature, Argon gas was continuously flowed into the furnace during the sintering
process. The temperature was ramped at 25 <C/min up to a soak temperature of 1000 <C
where it was held for 1 hour. Then the furnace was turned off to cool down to room
temperature before removal of the sample. The photonically and thermally sintered PZT
films were imaged in a Scanning Electron Microscope (SEM) (JSM 6400, JEOL Ltd.,
Japan) to visualize the sintered surface and to obtain the Energy-Dispersive X-Ray
Spectroscopy (EDS) spectra. Since sintering removes the organic components of the film,
quantification of the Carbon (C) content of the sintered PZT film via EDS provides one
objective measure of sintering quality. XRD was used to examine the sintered PZT films
to study possible phase change during the sintering process as evaporation of PbO occurs
at approximately 800 <C potentially resulting in weakened piezoelectric properties. The
PZT film density was estimated (density = weight/volume) before and after sintering by
simply measuring film width and length using an optical microscope (KH-7700, Hirox-
USA, Inc., USA), height using a contact profilometer (P2, KLA Tencor, USA) and weight
using a digital balance (Veritas M314Ai, Hogentogler & Co., Inc., USA).
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3.3.3. Piezoelectric Testing Methods

Hysteresis loop (remnant polarization
and coercive field), piezoelectric voltage
coefficient, and permittivity were used to
quantitatively ~ compare  sintered and
unsintered groups to investigate the sintering
quality and piezoelectric properties. The
sintered PZT films were covered with Copper
tape (3M Company, USA) as the top
electrode for electrical characterization.

The ferroelectric  properties  were
measured after six hours of PZT film

preparation using a Sawyer-Tower circuit

R

Oscilloscope &
Ry \/

Device (Cx)

Figure 3-11. RC bridge circuit diagram for
PZT film capacitance measurement. The
bridge can be balanced by adjusting the
resistance of R,. The capacitance of the PZT
device (Cx) is equal to the ratio Ry xC; to
R2

[32], with a 0.1 F series capacitor. A signal generator (33120A, Agilent Technologies,
USA) was used with an AC signal amplifier (610E, Trek, Inc., USA) to apply a 20 kV/cm

sinusoidal wave signal having a frequency of 10 Hz to the circuit. The ferroelectric

hysteresis loop was captured via an oscilloscope (TDS 2014B, Tektronix, Inc., USA). Prior

to piezoelectric characterization, PZT films were poled under 150 <C for 2 hours with an

electric field of 20 kV/cm. The poled PZT film was rested at room temperature overnight

to relieve stress. Capacitance of the sintered film was measured using a RC bridge circuit

as shown in Fig. 3-11 with applied 100 Hz, 10 Vyp sinusoidal wave signal. When the bridge

was balanced, the capacitance of the device (Cx) can be obtained by Eqg. 3-1.

CiRy
= -1
Therefore, the relative permittivity (er) can be calculated using Eq. 3-2
Cyt
=— -2
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Figure 3-12. The picture (a) and schematic (b) of self-built cylinder system for piezoelectric
voltage coefficient (gs3) measurement.

where t is the thickness of the sintered PZT film, A is the area of overlap of the top and
bottom electrodes, and &o is the permittivity of free space (8.854 x 102 F/m). The
piezoelectric voltage constant, gs3, was measured using a custom-built cylinder system
shown in Fig. 3-12 (a). The system was on a vibration isolated platform to eliminate the
error due to environmental vibration. The set-up consisted of an electro-pneumatic pressure
regulator (ITV2030-31N2BL4, SMC Co., USA) that was connected to a cylinder (SM-3-
2, Clippard Instrument Laboratory, Inc., USA), located above the PZT device as shown in
the Fig. 3-12 (b). The pressure regulator was supplied by a DC power supply of 24 V, while
a signal generator provided the desired input signal to control the output compressed air
pressure level and on/off frequency (Fig. 3-13 (a)). The output compressed air was applied
to the cylinder to move the piston and accordingly provided the force to the device. A built-
in spring was in the cylinder to push the piston back when the pressure regulator was in the
off state. A linear relation between the applied signal magnitude (Vpp) on the signal
generator and force generated from cylinder was obtained as shown in Fig. 3-13 (b). The
stress (o) applied to the device can be obtained by dividing this force by the contacted area

of cylinder and sample (viz. 2 mm?). This stress was then plotted against the open-circuit
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Figure 3-13. A signal generator provided a desired input signal to the gas pressure regulator to
move the piston and accordingly to apply force to the PZT device. (a) The regulator was at off
state when applied signal was zero, and no force was applied on the device ((1) and (3)). The
regulator was at on state when the applied signal was at the desired drive voltage with a force was
applied to the device (2). (b) The input signal magnitude has a linear relation with the force
generated by the cylinder.

voltage measured using an oscilloscope. gss was calculated using Eq. 3-3, where U
represents the open-circuit voltage and t represents the PZT film thickness.

U
=— 3-3
933 to (3-3)

3.3.4. Heat Transfer Simulation

7 \

PZT Film B

Stainless Steel

Figure 3-14. Device model (zoomed in) used in COMSOL heat transfer simulation. A, B and C
are three study points for examining temperature change at the PZT layer, interface of PZT and
SS, and position of thermocouple during photonic sintering, respectively.
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Table 3-4. Material properties used in the finite element simulation

Material Properties Value Unit
PZT Thermal conductivity 1.6 W/(m-K)
Heat capacity 320 JI(kg-K)
Density 7500 kg/m?®
Thickness 32.1 um
Stainless Steel Thermal conductivity 26 W/(m-K)
Heat capacity 460 JI(kg-K)
Density 7740 kg/m?®
Thickness 550 um
Air Thermal conductivity 0.0257 W/(m-K)
Heat capacity 1005 JI(kg-K)
Density 1.205 kg/m?®

To examine the accuracy of the substrate thermocouple temperature measurement and
to study the temperature change in the PZT layer and interface between PZT and substrate,
heat transfer simulations were performed in COMSOL 4.3a. A 2-dimensional model was
built as shown in Fig. 3-14 with equivalent dimensions as the experimental device. Material
parameters used in the simulations are listed in Table 3-4. Three points (A, B, and C) were
defined to evaluate temperature change. Point A was the top surface of the PZT layer,
which directly absorbed the energy from flashes during sintering. Point B was the interface
between PZT and substrate. Point C was on the substrate, and 1 mm from point B, where
the experimental thermocouple probe was placed. In order to mimic the time dependent
flashes, time dependent input energy was applied to the top surface of the PZT only. The
input energy was the same as the experimentally used energy (i.e. 2.85 J/cm? for each flash).
The initial temperature on the model was set as room temperature (20 <C). During sintering,
heat was transferred from the PZT surface down to the substrate via conduction. The

dominant equation used in the simulation was Eq. 3-4.

oT
Qcond = pCp E — V(kVT) (3-4)

Qeconv = h(Tamb - T) (3_5)
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Qrad = go-SB(T:mb - T4) (3-6)

where qcond represents the power transferred by thermal conduction effects; p, Cp and k are
the density, heat capacity, and thermal conductivity of the material, respectively; t is time,
and T is the temperature. The values used for each of the material parameters are listed in
the Table 3-2. However, since the experiment was performed in the atmospheric condition,
heat dissipation by thermal convection from the device to the air was also considered in
the simulation. The thermal convection governing equation used in the simulation is shown
in Eq. 3-5, where qconv represents the power transferred by thermal convection effects; h is
the heat transfer coefficient of the air, which was set as 100 W/(m?-K); and Tamb is room
temperature (20 <C). Thermal radiation was studied in the simulation using the governing
Eq. 3-6, where qrad is the power transferred by thermal radiation effects, ¢ is the emissivity
of the heated material (PZT and stainless steel), osg is the Stefan — Boltzmann constant.

Since it was difficult to find reported emissivity for PZT films, a range of values from 1 to
1000

A | @) 0.01 was used in the simulation

[e0]
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[=]
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with differences in resulting film

temperature less than 0.8 %

400 observed. Similarly, the influence
- - P Pl ——q——}1 of heat radiation (with PZT

7 s emissivity set to 1) resulted in a

Temperature (degC)

22— ()|  temperature change of less than 0.5%
%‘,:Z —c as compared to a simulation where
E' 190 ) Orad = 0. Therefore, the influence of
%iig ]& ———————————————— radiation was neglected in the
el simulation. After 15 flashes, the
150 74 L 77 7.8 temperature change resulting at the

Figure 3-15. (a) Simulated temperature change at A, B, three study points was plotted in
and C points for all 15 flashes. (b) The details of the : o ;

dashed frame of (a), which is the temperature change at Fig. 3-15. The highest temperature
B and C for the last pulse of the exposure pulse stream. at the top PZT surface reached
The highest temperature at the PZT surface was 917.4 <C i .

(A), while the interface between PZT and SS only 9174 <C, while the interface
increased to 192.7 <C (B). The maximal substrate patween PZT and SS only
temperature at the thermocouple measurement point (C)

was 177.7 <C. increased to 192.7 <C. The position
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where the thermocouple was placed increased to 177.7 <C. The simulation result of point

C agreed well with the thermocouple measured result (170.7 <C). And the results suggests

the simulated interface temperature was approximately 15 <C higher than that measured in

the experiments.

3.3.5. Experimental Results and Discussions
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Figure 3-16. SEM images of PZT films prior to sintering (a), after thermal sintering (b), and after

photonic sintering (c). The dried films are uniform with high density of PZT particles. The
photonically sintered film has larger regions of fused and merged particles than thermally sintered

film.

Figure 3-16 (a) shows an SEM image of the dried PZT film prior to sintering, showing

uniformly distributed particles. Figures 3-16 (b) and (c) show the SEM images of thermally

and photonically sintered PZT films, respectively. While sintering necks between PZT
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Figure 3-17. EDS (Energy-dispersive X-ray spectroscopy)
results of unsintered and sintered PZT films. The PZT film
prior to sintering (black) has a high C peak of 265. Photonic
sintering (green) reduces the C peak to 14, which is
comparable to that obtained with conventional thermal
sintering (red), 12. Low C content indicates the organic
products have been removed from the PZT film during
sintering
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particles are noticeable in both
Fig. 3-16 (b) and (c), the
photonically sintered film has
larger regions of fused and
merged particles at the film
surface. These are likely
caused by actual melting of
PZT powders during the
sequence of short, but intense,
energy pulses. Both
approaches densified the PZT
film from 74.2 % (dried film)
of the theoretical APC 855
density to 84.6 % (thermal
sintering) and 80.7 %
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Figure 3-18. EDS of Carbon content of thermally sintered (a), and photonically sintered (b) films
through the film thickness. The Carbon content were consistently low (averaged value of 12.5
for thermally sintered and 12.8 for photonically sintered) throughout the entire film thickness,
demonstrating the organic products had been significantly removed from film. The films prior
to sintering exhibit Carbon levels in excess of 265. Cross-sectional micrographs of thermally
sintered (c) films show larger grain sizes than those of the photonically sintered (d) films, with
the difference most prominent closest to the substrate.

(photonic sintering), respectively. Film thicknesses were measured before and after
sintering using the contact profilometer. However, the films were directly printed resulting
in a rough surface with some thickness non-uniformities. Therefore, an average thickness
has been reported. The unsintered PZT film thickness of 32.1 pm was reduced during
sintering to 6.1 pm (thermal) and 9.8 m (photonic) due to removal of organic components
and sintering densification of PZT particles. The EDS analysis of Fig. 3-17 reveals a high
C peak of 265 for the unsintered films that is reduced to 14 for photonic sintering and 12
for thermal sintering. An almost equal C peak in the photonically sintered film suggests
complete organic product removal in the sintering process as compared to the thermally
sintered counterpart. Carbon content along film depth captured by EDS and cross-sectional
micrographs of thermally, and photonically sintered films were used to study the sintering
quality along the film thickness (Fig. 3-18). The carbon content was consistently low
(averaged value of 12.5 (Fig. 3-18 (a)) for thermally sintered and 12.8 (Fig. 3-18 (b)) for
photonically sintered) throughout the entire film thickness, demonstrating the organic
products had been significantly removed from films. However, larger grain size was

observed in the cross-sectional micrograph of thermally sintered film (Fig. 3-18 (c)) at the
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substrate interface than those of the photonically sintered film (Fig. 3-18 (d)). This
indicates the depth of photonic sintering did not extend through the full thickness of the
printed film due the temperature gradient from surface to the substrate interface as shown
by the simulation result of Fig. 3-15. The lower temperature results in less effective fusing
and merging of the particles at the interface, resulting in a more porous layer deep within
the film and contributing to an overall thicker film for the photonic sintering method. XRD
results of sintered films are showing in Fig. 3-19. Because of the PbO evaporation, a second
phase, known as pyrochlore phase (or Pb-deficient phase), was observed in both sintered
films with much weaker phase intensity in photonically sintered film. This pyrochlore
phase negatively affects the piezoelectric properties. Therefore, the photonically sintered
film was expected to have better piezoelectric properties. However, the addition of low
concentrations of PbO (1 wt.%) was demonstrated to reduce (thermally sintered) or
eliminate (photonically sintered) this secondary phase (shown in Appendix B). This lower
secondary phase exhibited in the photonically sintered PZT films is most likely due to the
rapid sintering process: The duration is not sufficient to allow Pb complete the reaction
with Oxygen resulting in less Pb deficiency. Therefore, photonic sintering can reduce or

even eliminate the secondary phase to enhance the piezoelectric properties.
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Figure 3-19. XRD results for thermally (a) and photonically (b) sintered PZT films. A pyrochlore
phase (marked as “Py””) was observed in both PZT films due to Pb lost during high temperature
sintering. However, in photonically sintered film, this phase was much weaker
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The measured ferroelectric and piezoelectric properties of PZT films sintered by the
two approaches are summarized in Table 3-5 and compared with an unsintered group.
Notice the gszand &r were from the average of three samples. One standard deviation is also
included in the table. The capacitance was measured using RC bridge circuit. And the
relative permittivity was calculated using Eq. 3-2. The relative permittivity of thermally
and photonically sintered PZT film were 1273.5 and 1615.1, respectively. Notice that
higher relative permittivity was obtained in photonically sintered film. It indicates better

90 - energy storage capability is in

Polarization (mC/cm?)

6 photonically sintered PZT film. The

ferroelectric property was tested

3 A using a self-built Sawyer-Tower

R circuit. Since the PZT powder has a

30 20 10 20 30 perovskite structure, a weak
X 0. Electric Field (kV/cm)
ferroelectric  hysteresis loop is

604 & Unsintered expected in the unsintered film.
A Thermally Sintered

Photonically Sintered After organic materials are removed

-90
Figure 3-20. Low frequency hysteresis loop shows
photonically sintered (green) PZT film has superior fyse together forming a denser film.
remanent polarization (32.4 C/cm2) than the ) )
thermally sintered (red) film (17.1 pC/cm2). In both  Therefore, the sintered films are
cases, the ferroelectric properties are improved over the .
unsintered (black) film (0.03 .C/em2). Applied electric  XPeCted  to - show improved
field in the ferroelectric measurement is 20 kV/cm, and  ferroelectric properties. The
frequency is 10 Hz.

during sintering, the PZT particles

polarization-electric field loops for
unsintered, thermally sintered, and photonically sintered films are plotted in Fig. 3-20. The
remanent polarization (Pr) and the coercive field (Ec) for the photonically sintered films
are 32.4 pC/cm? and 6.7 kV/cm, respectively. These exceed measured Pr and E¢ values for
the thermally sintered films of 17.1 pC/cm? and 6.3 k\V/cm, respectively. This demonstrates
superior performance with photonic sintering. The ferroelectric properties of both films are
improved over the unsintered film (Pr = 0.03 pC/cm? and Eq = 1.7 kV/cm) as expected. The
photonically sintered films show better remanent polarization to those reported by other
groups measured with approximately 20 kV/cm electric field (e.g. ~10 pC/cm? by Zhang
et al [33] using thermal sintering (estimated from Fig. 8 (a) of reference 33) and ~ 8 pC/cm?
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by Baba et al [34] (estimated from Fig. 8 (a) of reference 34 using the innermost hysteresis
curve)). The high remanent polarization and low coercive field allow operation at low
voltages, with short switching times and good retention [25, 35]. These advantages are
desirable for most piezoelectric device applications.

Table 3-5. The electrical properties of PZT films sintered using different methods

PZT Film P Ec 933 (103 V-m/N) &
Unsintered 0.03 1.7
Thermally Sintered 17.1 6.3 16.9+1.0 12734159
Photonically Sintered 32.4 6.7 17.940.8 1615212

The piezoelectric voltage constant (gss) was measured using a custom-built cylinder
system. The measured gss values were -16.9>103 V-m/N and -17.9%10° V-m/N for the
thermally sintered and photonically sintered films, respectively. Although these results are
lower than the reported APC 855 PZT powder gss value of -21x10 V-m/N, they can be
dramatically improved by further optimizing the sintering performance to consistently
sinter throughout the entire film thickness, and increasing the poling electric field strength,
temperature and time [36, 37]. It is also important to note that the photonically sintered
film has a higher gs3 value than the thermally sintered film, suggesting the photonically
sintered films may perform better as piezoelectric transducers. This improvement may be
attributed to the greater degree of particle consolidation at the surface of the photonically
sintered film. Many earlier experimental investigations have been reported for the relation
between particle size and piezoelectric properties. [38, 39] The larger particle size, the
higher piezoelectric properties. The reason is believed to relate to the contribution of the
domain walls [40]. The piezoelectric properties are highly positively dependent upon the
domain wall motion during the poling process [41]. Furthermore, the domain wall mobility
increases with particle size [41]. Therefore, larger particle size will lead to higher domain
wall mobility, and consequently would result in better piezoelectric properties. Another
important contribution to the superior piezoelectric properties in photonically sintered PZT
film is pyrochlore phase. Greater pyrochlore phase formation was observed in thermally
sintered film leading to weaker piezoelectric properties. The piezoelectric coefficient

results were surprisingly high since the relative permittivity of the films were low.
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However, similar results have been reported by many self-synthesized and commercially
available PZT (or PZT compositions) sintering methods [20, 42]. Additionally, two error
sources may contribute to these high measured results. It is possible internal stress induced
by drying and sintering of the samples may have induced domain alignment that could
enhance the piezoelectric effect [43]. The resolution of the oscilloscope used for the open-
circuit voltage measurements (4 mV) may have also introduced measurement error of a
few percent. These factors may have impacted both measured gss values. While additional
optimization of gss testing might refine the accuracy of the value, the current results

demonstrate the PZT was successfully photonically sintered.

3.4. Further Enhancement of Piezoelectric Properties via
Quiality Sintering throughout the Entire Film Thickness

With the current film thickness and sintering parameters, the high quality sintering can
only extend top ~5 um film layer due to the temperature gradient as shown in the simulation
result of Fig. 3-14. The porous bottom layer affected the poling quality and accordingly
limited the piezoelectric property. Reducing the film thickness was necessary to achieve a
high sintering quality throughout the film depth. However, due to the micro-scaled particle
size limitation, it was difficult to obtain a further thinner film. Therefore, nanometer-scaled
particles were used to replace the micrometer-scaled particles for achieving thinner film.
Moreover, larger specific surface area of nano powders contributes to lowering the required
sintering temperature to further improve the sintering quality throughout the film thickness.
The effect of sinter aid on lowering the sintering temperature was also studied in this work
to further reduce the sintering temperature. Design of experiment (DOE) was carried out
for sintering parameter optimization to ultimately obtain a quality sintering throughout the
entire film thickness.

34.1 PZT Sintering Temperature Reduction
Two main approaches are widely used to lower the PZT sintering temperature:
reducing the powder size and adding the sintering aid.

In 1981, the importance of smaller particle size on lowering sintering temperature was
highlighted by Rhodes [44]. After that, many groups have demonstrated that the reduction
of particle size results in lower sintering temperature [45-47]. This attributes to that the
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smaller particles have larger specific surface area, which results in higher surface energy
due to the Eq. 3-7.

AG = VdP — SdT + ydA (3-7)
where G is the Gibbs free energy of a system, V is the volume, P is the pressure, S is the
entropy, T is the temperature, y is the surface energy, and A is the specific surface area.
Therefore, provided the pressure and the temperature are the same, the surface energy is
inversely proportional to the specific surface area for obtaining the same free energy. It is
believed that the surface energy is the main driving force in the sintering process [48].
Moreover, due to smaller particle size, the size of pores and gaps between particles is also
smaller. This shortens the required distance between two particles to form a neck during

sintering. Therefore, smaller particles tend to be well sintered at lower temperature.

Recently, the nano-scaled Frequency (%) Cumulative Freq (%)
powders (LQ-S2-P, Choko Co., ke o
Ltd., Japan) with approximately R -
480 nm average and 1.6 pm » "0
largest particle sizes were used 4 40
for the purpose of obtaining the 2 20
thinner film and lowering the oL , - e ek
required sintering temperature. Diameter

The size distribution plot is Figure 3-21. The particle size distribution of nano-scaled
. i PZT powders. The average particle size is approximately
shown in the Fig. 3-21. 480 nm and the largest particle is 1.6 pm. (plot courtesy

The sintering temperature of ~ from Choko Co)
nano-scaled particles was measured in comparison with micro-scaled powders. The
particles were uniaxially dry pressed to form pellets. Then the pellets were sintered in the
furnace under different temperatures for 1 hour. In order to avoid oxidation of the pellets
at high temperature, Nitrogen gas was continuously flowed into the furnace during the
firing process and was not removed until the furnace cooled down to the room temperature.
Density of the pellets was used to quantitatively estimate the sintering quality. The fired
pellets weight was measured using a digital balance (Veritas M314Ai, Hogentogler & Co.,
Inc., USA), and the volume was measured using Archimedes’ method. The pellets’ density

was calculated using dividing weight by volume. The result of nano-scaled and micro-
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Figure 3-22. The measured density change with temperature for micro-scaled PZT particles, nano-
scaled PZT particles, and nano-scaled PZT particles with sintering aid. Reduction of particle size
can lower the sintering temperature from > 1000 <C to approximately 1000 <C. Mixing sintering
aid with nano-scaled particles could further reduce the sintering temperature to ~ 800 <C.

scaled powder density change with temperature is shown in the Fig. 3-22. The pellets
forming by the nano-scaled powders had higher density than the micro-scaled powders for
all temperature levels and almost reached the reported theoretical density (7.5 g/cm®)
indicating better sintering quality can be achieved using nano-scaled powders. And the
sintering temperature of the nano-scaled powders is approximately 1000 <C, while the
micro-scaled powders have higher temperature (> 1000 <C). Notice each date-point is
averaged from 3 samples and the error bar represents 1 standard deviation.

Adding sintering aid is another approach to lower the sintering temperature, which has
been introduced in Chapter 3.3.1. Liquid phase sintering aid, basically the form of metal
oxides additives into green unsintered ceramics to aid film densification, was first reported
to lower the ceramic material sintering temperature over 50 years ago by W. D. Kingery
[49]. These aids with certain weight percentage are incorporated into the ceramic film and
fired. At an early stage of firing, typically, the temperature is significantly lower than the
ceramic required sintering temperature, the aids change into a liquid phase by either
forming a eutectic phase or self-melting. The liquid between particles accelerates particles’
merge by playing two roles: Firstly, the liquid phase sintering aids serve as the lubricant to

assist particles’ reorientation into a more favorable packing arrangement as the particles

80



Mol. % expanding during firing.

0 20 40 60 80 100 Secondly, the liquid phase

1200 — sintering aids pull particles

Liquid + PbO closer due to the generated

Eutectic
1000 [~

7] capillary force. Therefore,
Liquid + Cu,O
the energy required to form
800

680° the neck between two

| ~s80° Cu,0 + PbO —

600 ] particles are lowered and

accordingly  reduces the
Cu,0 +Cu,0-PbO Cu,0-PbO +PbO

400 = 1 sintering temperature. Corker
Cu0 20 40 60 80 PO et al. [20], for the first time,

Figure 3-23. The phase equilibrium diagram of the Cu,O-PbO proposed the use of Cu,O-
system. The eutectic phase is formed as the temperature
increased up to 680 <C. Used with permission [20]

PbO eutectic phase liquid
sintering aid to lower the PZT
film sintering temperature. The combination of Cu20 and PbO in a molar percentage ratio
of 1:4 forms a eutectic phase with the temperature of approximately 680 <C as shown in
the Fig. 3-23. Corker et al. claimed the PZT film sintering temperature was reduced to
800 <C when adding 5% weight percentage of the sintering aid. Moreover, due to the low
sintering temperature, the Lead loss issue is also eliminated. Therefore, the ink composition
was updated using settling test and trial and error method and shown in the Table 3-6.
Table 3-6. Low sintering temperature nano-sized PZT powder based ink composition

Material wit%
PZT 30

DI Water 65.4
PVP 3
Cu20 0.22
PbO 1.38

In order to study the sintering temperature of the updated ink, the ink was firstly dried
on the hotplate at 200 <C for 1 hour to remove the DI water. Then a lump of the dried ink
was pressed into a pellet, fired in the furnace, and measured the density using

aforementioned method. The density change with the firing temperature is shown in the
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Fig. 3-22. The samples with sintering aid had the highest density at all temperature levels
and reached the theoretical value when fired under 800 <C. There was only slight
fluctuation of measured density while fired using even higher temperature (> 800 <C).
These indicate that the sintering temperature of the ink with sintering aid has been further
reduced to ~ 800 <C.
3.4.2 Photonic Sintering Optimization

The usage of the nano-scaled powders
creates the opportunity to reduce the film
thickness. By fine adjusting the printing
parameters, the resulting film thickness was
6 um. The morphology of printed PZT film
was inspected using a SEM. Prior to

sintering, the nano-sized particles were
Figure 3-24. Prior to sintering, the nano-
sized particles were uniformly distributed to
PZT film. This film shows smaller pore size ~form a high density PZT film. This film

shows smaller pore size and more compacted
and more compacted particle pack than particle pack than micro-sized particle based
film.

uniformly distributed to form a high density

micro-sized particle based film shown in Fig.
3-24. A Design of Experiment (DOE) with 5 variables (voltage, pulse duration, frequency,
number of pulses, and number of cycles), 2 levels, and 2 replicates was carried out to realize
the optimal photonic sintering parameters (Appendix C). 7 mm =<7 mm square PZT films

were printed on the stainless steel substrate for DOE study. SEM images were used to

Figure 3-25. The SEM images of under-exposed (a), well-exposed (b), and over-exposed (c)
films for DOE qualitative investigation. The sintering quality number of 0.2, 0.5, and 0.8,
respectively, were given.
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image examples are shown in the

Figure 3-26. The light intensity spectrum of the

Novacentrix bulb generated at 400 V level pulse setting Fig. 3-25 indicating an under-
(black), with a peak emission in the violet regime. The . .

dried PZT film light absorbance spectral curve (blue) has exposed film (Fig. 3-25 (a)), a
significant overlap with bulb emission, with the greatest \vell-exposed film (Fig. 3-25 (b)),
absorbance in the ultraviolet (< 400 nm). (Light intensity ) ]
spectrum of the Novacentrix bulb courtesy from and an over-exposed film (Fig.

Novacentrix Corporation) 325 (c). The optimized
sintering parameter combination is: voltage = 400 V; pulse duration = 650 ps; frequency =
2 Hz; number of pulses =20; number of cycles = 2. This combination gave an energy
density of 5.06 J/cm? delivered to the target film for each pulsed flash and total 202.40
Jlcm?. For the 400 V pulse settings, the spectral intensity of the lamp as a function of
wavelength is plotted in Fig. 3-26 with peak emission in the violet regime. The dried PZT
film light absorbance spectral curve is also plotted and shows high absorbance over all
wavelength with the greatest absorbance in the ultraviolet (< 400 nm), which has
significant overlap with the bulb emission spectrum This great overlap accordingly
facilitates the PZT film sintering. A COMSOL simulation was carried out to further study
the temperature change in the film and substrate. The module, material parameters, and
settings used in the COMSOL for this modeling were the same as mentioned in the Chapter
3.3. The geometries and size of the substrate and the PZT film built in the COMSOL were

equivalent as the experiments. The input energy was updated to 5.06 J/cm? for each pulse.
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Figure 3-27. Simulated temperature change at the top surface of the PZT film and the film-
substrate interface for 2 cycles of flashes. The temperature, after 2 cycles, is sufficiently high to
sinter throughout the whole thickness.

In the experiment, there was a 10 seconds time gap between two cycles to avoid the
PulseForge sintering chamber overheated to stop working. After the entire 2 cycles of
exposure, the temperature change resulting at the film top surface and the film-substrate
interface was plotted in Fig. 3-27. The highest temperature at the top PZT surface reached >
1100 <C, and the interface between PZT and substrate also increased to ~ 900 <C. Both
temperatures are sufficiently high to sinter the film, which suggests the film should have
been successfully sintered throughout the whole thickness at such sintering parameters
combination. The cross-sectional view of the well-sintered PZT film was imaged in the
SEM (Fig. 3-28). It is observed that the entire
film was merged and densified as one single

piece indicating a good sintering quality

throughout the entire film thickness, which

o ; ; Figure 3-28. Cross-sectional view of the
also verificated the simulation. A thermally wellsintered P2T film. The whole film was
sintered PZT film was also prepared for merged and densified as a one piece
indicating a good sintering quality

comparison using 1000 <C for 1 hour in the N2 throughout the entire thickness.

environment.
34.3 Piezoelectric Characterization
The P-E hysteresis loop, permittivity, and piezoelectric voltage coefficient (gas) of the
sintered films were measured using self-built Sawyer-Tower circuit, RC bridge circuit, and
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cylinder system, respectively. The
measured piezoelectric properties of
PZT films using updated process are
Table 3-7 in

comparison with the aforementioned

summarized in

micro-scaled powder based film and
thermally sintered groups. Notice, ga3
and &r were obtained from the average
of three samples. One standard
deviation is also included in the table.
The P-E hysteresis loops for the
photonically and thermally sintered

nano-scaled PZT powder films are

—{}— Thermally Sintered
—(O— Photonically Sintered

-100

Figure 3-29. Polarization-electric field hysteresis
loop of thermally (red) and photonically (black)
sintered nano-scaled PZT powder based film. The
remanent polarization (P;) and the coercive field
(Ec) are 43.9 IC/cm? and 9.8 kV/cm, respectively,
for the photonically sintered films. These results

plotted in Fig. 3-29. The remanent are superior than those of thermally sintered group.

polarization (Py) and the coercive field (Ec) are 43.9 pC/cm? and 9.8 kV/cm, respectively,
for the photonically sintered film, which exceed the thermally sintered film (17.7 pC/cm?
and 10.8 kV/cm, respectively). The gas and relative permittivity values of the photonically
sintered PZT film are 22.1x10" V-m/N and 2640, respectively, which also are better than
thermally sintered film. This enhanced performance of photonically sintered film is
attributed to the elimination of the secondary phase as mentioned in the Chapter 3.3.
Moreover, by comparing all four groups listed in the Table 3-7, the nano-scaled powder
based film shows superior piezoelectric properties to those micro-scaled groups sintered
using the same technique, and the photonically sintered nano-scaled powder based film
yields the best piezoelectric properties. This matches the sintering tempearture results
shown in the Fig. 3-22 that the nano-scaled powders could form a more compacted and
denser film at the same firing temperature than micro-scaled powders resulting in superior
piezoelectric performance. Consequently, by reducing the powder size, adding the
sintering aid, and optimizing the sintering parameters, a quality sintering was achieved
throughout the entire film thickness, and the further enhanced piezoelectric properties were

obtained.
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Table 3-7. The electrical properties of micro-sized and nano-sized particle based PZT
films.

Powder Sintering Py (UC/cm?)  Ec (kV/cm)  gs3 (102 V-m/N) er
Micro  Thermal 17.1 6.3 16.9+1.0 1271+159
Micro  Photonic 324 6.7 17.940.8 16154212
Nano  Thermal 17.7 10.8 21.3H .4 18104246
Nano  Photonic 43.9 9.8 22.1+2.0 2640305

3.5. Conclusions

Deposition, sintering, and poling are three key steps of preparing a PZT film device.
This chapter introduces few popularly and widely used approaches for each step. Then a
new PZT thick preparation process was introduced: Aerosol jet printing technique was used
to obtain the desired thick PZT films. This technique provides the opportunity of directly
creating complex PZT features that have previously been difficult to achieve. The photonic
sintering method was adopted to sinter PZT thick film on the stainless steel substrate in a
short duration with low temperature increase measured on the substrate. This processing
technique eliminates the oxidation of the substrate metallic material, allows sintering PZT
in atmospheric environment, reduces the pyrochlore phase to enhance the piezoelectric
properties, and lowers the substrate temperature increase during the sintering. It
accordingly expands the substrate material options and opens the possibility of directly
fabricating PZT films on low temperature substrates without complex film transfer
processes traditionally required for these materials. The ferroelectric piezoelectric
properties of photonically and thermally sintered PZT films were measured, demonstrating
enhanced PZT characteristics with photonic sintering. The photonic sintering quality of the
films along X-Y direction is comparable with thermally sintering. However, due to the
temperature gradient, quality sintering does not extend throughout the entire film thickness.
A further optimization of the film sintering quality throughout the PZT film thickness was
accordingly carried out by reducing the powder size, adding the sintering aid, and analyzing
the sintering parameters using DOE approach. The further improvement of piezoelectric

properties was obtained in the fully photonically sintered PZT film.
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Chapter 4 Photonically Sintered PZT Flexible Energy
Harvester

4.1. Introduction

Wearable devices, such as biological signal monitors [1, 2], gesture or facial
expression recognizers [3, 4], and wearable computers [5, 6], have been intensively
researched. In order to operate these devices, a power source that can provide stable,
reliable and continuous energy is indispensable. While most devices use a battery, this
requires routine recharging or replacement. There is an opportunity to leverage the
mechanical energy from human body motion or the environment to power these devices
using a piezoelectric material, specifically PZT. To optimally scavenge human motion for
power, the PZT should be fabricated on flexible and lightweight substrate materials that
generally have a low melting point. Because of the mismatch of the PZT sintering
temperature (> 800 <C) and the melting point of the substrate (< 300 <C), complicated PZT
film transfer processes have traditionally been used to realize the desired device. For
instance, Qi et al. transferred an array of sintered PZT ribbons from MnO substrate to pre-
stretched PDMS substrate to realize a flexible and stretchable energy harvester [7]. To
avoid the complex transfer process, photonic sintering technology of thin PZT films with
broadband, sub-msec, high intensity pulses was explored. Yamakawa, et al. recently used
a hot plate at 350 <C to preheat the substrate in combination with a photonic flash lamp
with an energy of 27 Jlcm? to successfully sinter PZT film [8]. This work developed
photonic sintering method to sinter the PZT film while achieving low substrate temperature

increase without substrate pre-heating, and demonstrated superior piezoelectric properties
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can be obtained than conventional thermal sintered PZT film. This could eliminate the
complicated PZT transfer processes. By employing this approach, a flexible energy
harvester with the polyethylene terephthalate (PET) substrate (melting point = 260 <C) was
realized. The electric characterization was performed and presented in this chapter.

4.2. PZT Photonic Sintering on PET Substrate

w+ (D) Po et 100. P (zGlem’)
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Figure 4-1. (a) The SEM image showing that the sintered particles are merged together as
observed on the SS substrate. (b) The EDS spectrum shows the photonic sintered PZT film on an
Al electrode and PET substrate. The spectrum shows the sintered film has low C content of
approximately 15. The plot on the top right corner is hysteresis loop of PZT film on an Al
electrode on PET substrate. The remanent polarization is 23.1 uC/cm? and the coercive field is
5.1 kV/cm. The ferroelectric test results demonstrate better performance than the thermally
sintered PZT on SS.

Low temperature increase in the substrate material during photonic sintering has been
demonstrated in the Chapter 3.3. Therefore, it provides the possibility of performing the
photonic sintering of PZT directly on a low melting point substrate. To demonstrate the
feasibility, a 70 um thick polyethylene terephthalate (PET) substrate with a melting point
of 260 <C was tested. The PET sheet was heat treated at 200 <C in an atmospheric oven for
30 minutes prior to PZT printing to relieve the stress introduced by the calendaring
manufacture process. The sample was slowly cooled to room temperature within the oven.
In order to create a bottom electrode for electrical characterization, a 500 nm Al film was
sputtered on the PET using the CVC 601 sputtering system. The PZT film was Aerosol Jet
printed on top of the deposited Al layer and photonically sintered as described for the
stainless steel (SS) substrates using parameter combination: applied voltage (250 V), pulse
duration (1300 s), pulse frequency (2 Hz) and number of pulses (N=15). The resulting
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SEM image and EDS are shown in Fig. 4-1 (a) and (b). The particle structure is similar to
that obtained on the SS substrate presented in the Chapter 3. The low carbon content shown
in the EDS spectrum, and merged particles shown in the SEM image indicate the PZT film
sintering was successful. Inspection of the PET substrate after photonic sintering revealed
no structural damage or indications of localized transitions in the substrate material. The
resulting ferroelectric hysteresis loop is shown in Fig. 4-1 (b), with measured P and E. of
23.1 Clem? and 5.1 kV/cm, respectively. The remanent polarization was improved over
those observed for the thermally sintered films (17.1 pC/em?), likely due to the greater
degree of surface particle consolidation at the film surface and weaker secondary phase.
However, the remanent polarization is weaker than that photonically sintered group with
the SS substrate (32.4 uC/cm?). This may be attributed to the different thermal conductivity
of the substrates: Al (~205 W/(m-K)) and SS (~ 26 W/(m-K)). The higher thermal
conductivity of Al results in enhanced heat transferred from the PZT film to the underlying
Al film and to the environment. Therefore, less energy was contributed to heating the PZT
film leading to weaker sintering. The measured g3z and relative permittivity of the photonic
sintered film were 17.3x10° V-m/N and 1395.4, respectively, which exceed those of the
thermally sintered film (16.9%10° V-m/N and 1273.5, respectively) indicating superior
sintering on this low melting point substrate. However, these differences may be within
anticipated error due to processing and measurement as described in Chapter 3 for the SS
substrate samples. Additionally, the PET substrate was slightly bent due to the intrinsic
tensile stress of the deposited Al layer [9] and thermal stress induced from PZT drying and
the sintering process. Therefore, bending of the PET may contribute a small amount of
stress from punch of the piston. These factors may have resulted in a higher gss measured

value.

4.3. Flexible Energy Harvester Fabrication

The PZT was aerosol-jet printed and photonically sintered on a PET substrate using
the process described in the Chapter 3.3. Silver electrodes were patterned on top of PZT
using an Ink-Jet printer (DMP-2831, FUJIFILM Dimatix, Inc., USA) and photonically
sintered, as well. Since for PZT the ds3 mode is approximately twice as large as the ds;
mode [8], an interdigitated electrode structure was utilized to maximize the output signal
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@) msmmm ODtained from the energy harvester. In
order to protect the device, a layer of
Polydimethylsiloxane (PDMS) (Dow
A A Corning Co., USA) was coated the top

s Surface. An illustration and optical

(b) Vpoiing v image of the PZT energy harvester are
“poling

shown in Fig. 4-2 and Fig. 4-3,
l [ l [ l [ l [ | l ) ; ) g_
] respectively. The size (length <width =

A-A
B PET PZT WM Ag PDMS thickness) of the fabricated device was

Figure 4-2. Schematic of top (a) and cross-sectional 15.5 mm < 13.5 mm > 0.2 mm. Silver

(b) views of the PZT energy harvester. The
interdigitated electrode structure results in a poling  €POXY (EJ2198, Epoxy Technology, Inc.,

direction parallel to the PZT surface. USA) was used to connect the device to
wires for poling and electric testing. The device was then poled with an electric field of 30
kV/icm at 180 <C in atmospheric environment for 2 hours before piezoelectric

characterization measurements.
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Figure 4-3. Optical image of the fabricated device (without coating PDMS layer). The PZT film
was printed on transparent PET, and interdigitated silver electrodes were Ink-Jet printed on top
of the PZT layer. The inset image shows the photonically sintered silver electrodes on the sintered
PZT film.

4.4. Deforming Stress Simulation

Mechanical finite element simulation was carried out in COMSOL 4.3a to study the
stress induced in the PZT film when the energy harvester was deformed. The material
parameters used in the simulation are listed in Table 4-1.
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Table 4-1. Material parameters used in COMSOL simulation.

Parameters Value Unit
Young’s modulus of PET 1.41>10% Pa
Poisson’s ratio of PET 0.44
Young’s modulus of PZT 5.1x10%° Pa
Poisson’s ratio of PZT 0.3
Young’s modulus of PDMS 7.5x10° Pa
Poisson’s ratio of PDMS 0.49

The COMSOL simulation model was built as a PZT layer (thickness = 18.7 pum)
sandwiched between the bottom PET layer (thickness = 80 pm) and top PDMS layer
(thickness = 100 um). In the experiment, a stage with one moving side (right) and one fixed
side (left) was used to apply displacement to bend the device. Therefore, in the simulation,
one end of the device was fixed (left) while the other end (right) translated in the x-axis
compressing the device and inducing central flexure in the y-axis as shown in Fig. 4-4 (a).
The resulting stress in the PZT layer was estimated (Fig. 4-4 (b)), with up to 145 MPa
tensile stress at the location of greatest deflection (d). Notice the greatest tensile stress at
the top surface and the greatest compressed stress at the bottom surface in the PZT layer

are not equal. This is because the PZT is sandwiched in between PET and PDMS. However,

(@) (b) (c)
|
\';1/ A250 B Simulated Results
/\ , \ & g | Linear Ftting
=
Pt
B 150+
gmm
/ \ % 50
e e — S o ,
0 6.5352 -0.6514 1.4529 0 5 10

Deflection (mm)

Figure 4-4. Mechanical finite element simulation results. Device deflection results in the positive
y direction (a) with color indicating vertical displacement is 6.5 mm. The resulting stress in PZT
film only is shown in (b) with the highest stress (145 MPa) at the location of greatest deflection.
A linear relation between the highest tensile stress of the PZT layer and the deflection was
obtained from the simulation (c). Based on this relation, the stress in the PZT film can be
estimated by measuring the maximal deflection (d) of the device in the experiments.
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PET is stiffer than PDMS. Therefore, the neutral axis (zero stress axis) of the entire device
is not at the middle of the device thickness. Instead, it locates closer to the harder material
(i.e. PET). The peak tensile stress increased linearly with d as shown in Fig. 4-4 (c). This
result was used to estimate the tensile stress in PZT film based on measurement of the

maximal deflection of the device (d).

4.5. Piezoelectric Experimental Results
(a) The piezoelectric response of the PZT
a Flat Device energy harvester was characterized after
Fixed Stage i . . . .
l \ poling by bending the device using a linear
moving stage as shown in Fig. 4-5. An
(b) e oscilloscope (TDS 2014B, Tektronix, Inc.,
e T USA) was used to record the output signal in
Fixed Stage Moving Stage . . .
all experiments. The position of the left side
PR i
Wire of the stage was fixed, with translation of the

Figure 4-5. Photographs of the PZT energy
harvester in the flat (a) and bended (b) states.
The moving stages are highlighted with black

right side to induce flexure. The resulting

open circuit voltage is plotted in Fig. 4-6.

lines for clarity. In this figure, the induced
device deflection (d) was approximately 6.5
mm corresponding to approximately 145 MPa
tensile stress at the greatest deflection
location.

deflection (d) of the device via ImageJ. The
output open-circuit voltage corresponding to
the peak tensile stress from the PZT film is
shown in Fig. 4-7, with a positive linear
relation between the output signal and stress
obtained (R? = 0.88). The greatest voltage
obtained was 2.4 V with an applied stress of
approximately 145 MPa.

Capacitance (Cen) of the PZT energy
harvester was measured using a simple RC

circuit to analytically determine the optimal
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estimated by measuring the maximal
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Figure 4-6. Open-circuit output signal in
response to the reciprocated bending-
unbending device deformation. Drive
frequency was approximately 2.5 Hz.



load impedance (Z). A 10 kQ resistor was

connected with the device in series. A square ® Experimental Results

Linear Fitting

wave generated from a signal generator
(33120A, Agilent Technologies, USA) with

10 Hz frequency drove the circuit. The

N
1

measured time constant (z) of this RC circuit

[y
1

was approximately 60 ps. Therefore, the Cen

Open-Circuit Output Voltage (V)

of the energy harvester can be calculated as 6

H 50 100 150
nF via Eq. 4-1. Peak Tensile Stress on PZT (MPa)

o

T = RCgpy (4-1) Figure 4-7. Open-circuit output voltage
. increases linearly with induced stress in the
where R equals 10 kQ. The load impedance  pzT film. Up to 2.4V was obtained with an

for maximum power transferred from energy ~applied stress of 145 MPa

harvester to the load can be estimated by Eq. 4-2 [10]

7 1 (4-2)
- 2nf Cgy

where f is the driving frequency (i.e. 2.5 Hz in this experiment). Therefore, the calculated

load impedance for maximal power is 10.6 MQ.

In order to investigate the effective power output of the PZT energy harvester, the
device was connected with various series resistive loads ranging from 10 kQ to 50 MQ
with a fixed stress of approximately 145 MPa (corresponding to ~ 6.5 mm deflection) using
a rectifying circuit shown in Fig. 4-8 (a). By measuring the voltage on load, the power was
calculated by Eq. 4-3.

V2 (4-3)

where V is the RMS (Root Mean Square) value of the measured voltage signal on load. R
is resistance of the load. P is the power generated from PZT energy harvester. The
experimental results are plotted in Fig. 4-8 (b).

Consequently, 0.1 pW was generated when connected the PZT energy harvester to a
10 MQ load. This matches well to the analytical load impedance result and has
approximately equal performance to the proposed flexible PZT energy harvesters by Wu
etal [11] (0.12 uW). However, it is lower than the device reported by Park et al [12] (12.25
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uW). The possible reasons are: firstly,

(@) i - -
Energy Harvester lower poling field was used in this

Load experiment (30 kV/cm versus 100

| =<1

kV/cm used in Park’s work); secondly,

[ —=—

the sintering energy was controlled to

(b) 012 protect the substrate without burning.
. Therefore, it was not high enough to
0.08 1 " penetrate the entire PZT film, resulting

in sintering quality gradient throughout

Power (pW)

0.04 the film thickness direction. The

. porous film at the interface can

0.00 negatively affect the piezoelectric

1k 10k 100k m 10M 100M . . i
Load Resistance (0) properties of the PZT film. Increasing

Figure 4-8. (A) Rectifying circuit used for the poling electric field strength and
determination of power delivered to different load L. L
resistors. (B) The measured output power delivered Well ~ optimizing  the  sintering
to differen‘F load resistances ranging frqm 10 kQ to parameters to achieve a superior
50 MQ with a peak stress of approximately 145

MPa. The output power is gradually building up sintered film offer opportunities to
with resistance increase. Up to 0.1 puW was
generated when the energy harvester was connected

to a 10 MQ load. performance.  Moreover,  sol-gel

significantly improve piezoelectric

processed PZT film gives a more compacted film, which could also improve the generated
energy. In addition, the ink-jet printed electrodes width has a variation of approximately
80 um, which limited the sintering electric field to low strength. Using other electrodes
patterning technology, such as photolithography and etch process [13], lift-off process [14]
or microstamping [15], would achieve more uniform electrode width and further enhance

the poling process and piezoelectric performance.

4.6. Conclusions

This chapter firstly demonstrates the feasibility of processing PZT directly on the low
melting point substrate (PET). The measured piezoelectric and ferroelectric properties are
superior to aforementioned thermally sintered PZT films. Then an Aerosol-Jet printed PZT

energy harvester directly sintered on a low melting point substrate using photonic sintering

97



technology in less than 1 millisecond is reported. Interdigitated silver electrodes were Ink-
Jet printed on top of the PZT film to leverage the more sensitive dss mode to improve the
output signal. The piezoelectric response was characterized by bending the device with the
expected linear relation between open-circuit output voltage and applied stress obtained.
Up to 2.4 V was measured at 145 MPa stress level. Using a fixed stress of approximately
145 MPa, the power versus load was determined by connecting the device with various
series resistive loads. Higher power can be generated while connected with larger loads.
Up to 0.1 uW was obtained while connected to a 10 MQ load. Photonic sintering
technology avoids complicated PZT transfer process to low melting and flexible substrate.
Consequently, it dramatically expands the possible substrate materials for PZT energy

harvesters and shortens the fabrication time.
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Chapter 5 Pulsed Flash Manipulation of Piezoelectric
Properties of PZT Films

5.1. Introduction

Sintering and dipole reorientation (or poling) are two necessary steps of the
fabrication of ferroelectric film devices to enhance the ferroelectric properties. Generally,
these two steps are separately processed, which requires long processing duration and
increases the complexity. The pulsed photonic sintering was demonstrated to create rapid
temperature transients that were constrained to the target PZT film to achieve the high
quality film sintering and piezoelectric properties enhancement [1]. The flash light used in
this technique provided the optical condition for photo-assisted PZT poling, which has been
demonstrated to enhance the piezoelectric property of the poled PZT films [2]. Moreover,
with the application of the electric field, dipoles can form along more preferred orientation
in the PZT film during the transition from cubic to tetragonal/orthorhombic while the
temperature reduced from above to below Curie temperature due to the high mobility [3]
and lower interdomain stress [4]. This can certainly enhance piezoelectric properties of the
PZT film. The rapid temperature changes accomplish the cyclic temperature excursions in
the PZT film to above and below the Curie temperature, which provides the
aforementioned temperature condition for dipole reorientation and creates the opportunity
for the simultaneous performance of poling during photonic sintering. Improved
piezoelectric properties are expected via this technique.

This chapter is focused on the demonstration of performance of dipole reorientation
during photonic sintering to further enhance the piezoelectric properties and shorten the

procession duration. The film was characterized using gs3 and relative permittivity.
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Piezoelectric charge coefficient, ds3, was also calculated using Eq 1-9. The piezoelectric
properties of 5 control PZT film groups prepared using different approaches were used for

the comparison. The results and discussions are presented.

5.2.  Experiment

In order to apply an
Bulb light intensity

electric field to the PZT film
——PZT film absorbance

during photonic  sintering 4000 & TTous dusorance

43.6

without blocking the flash

transfer, a transparent top

Intensity (a.u.)
Abs

electrode was required.
Indium tin oxide (ITO) gives

rise to high interest in

semiconductor  field as

transparent ohmic contact, wavelength (nm)
Figure 5-1. The light intensity spectrum of the Novacentrix
bulb generated at 600 V level pulse setting (black), with a
optoelectronic applications, Peak emission in the violet regime. The dried PZT film light
) ) ) absorbance spectral curve (blue) has significant overlap with
because of its relatively high  pulb emission, with the greatest absorbance in the ultraviolet
(< 400 nm). However, the ITO glass slide has the greatest
absorbance in the ultraviolet region. This could affect the
resistivity [5]. Therefore, effective energy transferred to the PZT film.

specifically ~ for  many

transparency  and low

ITO glass slide (ITO-111-25, Nanocs Inc., Boston, MA) with 0.5~0.7 um ITO layer
resulting in 10 /sq sheet resistance was used to serve as the top electrode. However, as
shown in the light absorption spectrum (Fig. 5-1), the ITO glass slide has the greatest
absorbance in the ultraviolet region, which could interfere the flash energy transferred to
the PZT film negatively affecting the PZT film sintering quality. Moreover, due to the light
absorption of ITO layer, it also would be heated up and possibly be burned to lose the
conductivity. Therefore, a re-optimization of sintering parameters was required for this
specific application, so that lower photonic energy can be used to both protect the ITO
layer from burning out to lose the function and to sinter PZT film throughout the entire
film. The sintering parameters optimization DOE was performed on 7 mm <7 mm>0.006

mm PZT films (printed using the nano-scaled powder based ink) with SS substrates and
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described in the Appendix D. The optimized parameter combination yielded as applied
voltage = 600 V, pulse duration = 130 us, pulse frequency = 2 Hz, number of pulses = 23,
and number of cycles = 2. This parameter combination resulted in an energy density of
2.75 Jlcm? delivered out from the lamp. However, due to the light absorption of the ITO
layer, the effective energy density transferred to the target PZT film for each pulse was
only 1.90 J/cm? (total = 87.4 J/cm?) measured by a pulsed light energy meter (BX-100,
Novacentrix, USA). The light intensity spectrum of the photonic sintering bulb generated
at 600 V pulse setting is shown in the Fig. 5-1. It has the peak emission in the violet regime,
which has significant overlap with the dried PZT film light absorbance.

The 7mm x7 mm>0.006 mm PZT films for the experiments were then prepared using
aerosol jet printing on the SS and dried at 200 on the hotplate for 2 hours. The dried films
were divided into six groups and were processed using different sintering and poling
technique combinations. These six groups are introduced hereinafter in detail.

The piezoelectric properties manipulation system setup is shown in Fig. 5-2. The SS
substrate of the PZT film was served as the bottom electrode for poling. The ITO glass
slide was served as the top electrode with ITO layer facing down to cover the PZT film. In
order to avoid electrodes contact, a Kapton tape (thickness = 60 um, width = 12 mm) was
used to serve as the insulator shown in the Fig. 5-2 to separate the top and bottom electrodes.
A plain glass slide (thickness = 1 mm) (Thermo Fisher Scientific, Inc., USA) was placed
between bottom stainless steel electrode and photonic sintering tool stage to avoid

Pulsed Energy

Top Electrode

Insulator \ Ferroelectric Film
/// / Stage // /

Figure 5-2. The setup for photonic sintering the PZT film with poling. The PZT film was
sandwiched between top and bottom electrodes. Photonic flashes were transferred through the
transparent top ITO glass electrode to create a rapid temperature transient in the film.
Simultaneously, the electric field is continuously applied to the sample to reorient the electric
dipoles in the PZT film.
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electrical shorting. During photonic sintering, an electric field (20 kV/cm) was applied

from the power source through the top and bottom electrodes to the PZT film to reorient

the electric dipoles.

For the comparison purpose, few control groups were prepared using different

sintering and poling technique combinations. In order to investigate the effect of the

sintering techniques on the piezoelectric properties, thermal sintering technique (TS) and

photonic sintering technique (PS) were studied. Conventional poling method (CP) was

used to compare with the poling while photonic sintering technique (PP) to study the poling

techniques effect on the piezoelectric properties:

1.

TS-CP-1hr

This group was thermally sintered (TS) at 1000 C for 1 hour in the N2 environment.
After overnight resting at room temperature to relieve the stress, the films were
coated with a layer of silver epoxy (EJ2189, Epoxy Technology, Inc, Billerica,
MA) that served as the top electrode (5 %5 mm?). Then the films were poled at a
temperature of 170 °C for 1 hour with an electric field of 20 kV/cm (CP-1hr).
PS-CP-1hr

This group was sintered photonically (PS, without ITO glass on top) at the
sintering condition: Voltage =400 V; Pulse Duration = 650 ps; Frequency = 2 Hz;
Number of Pulses = 20; Number of Cycles = 2. This parameter combination
results in an energy density of 5.06 J/cm? (total energy = 202.4 J/cm?) delivered
to the PZT film for each pulse, which gave a good sintering quality as described
in the Chapter 3.6. After overnight resting at room temperature, the films were
coated with a layer of silver epoxy that served as the top electrode (5 x5 mm?).
Then the films were poled at a temperature of 170 C for 1 hour with an electric
field of 20 kV/cm (CP-1hr).

PS-PP

This group was prepared via the poling (PP) while pulsed sintering (PS) process.
An electric filed (20 kV/cm) was applied from the power source through the top
(ITO glass with ITO layer facing down) and bottom (stainless steel substrate)
electrodes to the PZT film for the purpose of reorienting the electric dipoles during

sintering. Then the device was sent to the photonic sintering system with the
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sintering parameters: applied voltage (600 V), pulse duration (130 us), pulse
frequency (2 Hz), number of pulses (N = 23), and number of cycles (C = 2). The
effective energy delivered to the film was 1.90 J/cm? (total energy = 87.4 J/cm?).
After photonic sintering, the electric field was not removed until the temperature
of the film was reduced to room temperature. The entire duration of the electric
field application was approximately 5 minutes. The films were then coated with a

layer of silver epoxy that served as the top electrode for electrical characterization.

The conventional poling method was also performed at the time-scale (5 min) that

used for poling while photonic sintering approach to study the sufficient poling duration

for the conventional poling method:

4.

TS-CP-5min

This group was sintered thermally (TS) at 1000 °C for 1 hour in the N2 environment.
After overnight resting at room temperature to relieve the stress, the films were
coated with a layer of silver epoxy that served as the top electrode (5 x5 mm?).
Then the films were poled at a temperature of 170 °C for 5 minutes with an electric
field of 20 kV/cm (CP-5min).

PS-CP-5min

This group was sintered photonically (PS, without ITO glass on top) at the
sintering condition: Voltage = 400 V; Pulse Duration = 650 ps; Frequency =2 Hz;
Number of Pulses = 20; Number of Cycles = 2. After overnight resting at room
temperature to relieve the stress, the films were coated with a layer of silver epoxy
that served as the top electrode (5 x5 mm?). Then the films were poled at a
temperature of 170 C for 5 minutes with an electric field of 20 kV/cm (CP-5min).

An exploration was carried out to study if the piezoelectric properties of PS-PP

processed PZT film can be further enhanced via the conventional poling method:

6.

PS-PP-CP-1hr
This group was prepared to investigate whether the piezoelectric property of PS-
PP prepared PZT can be further enhanced. The PS-PP prepared PZT samples were

further poled using conventional poling method at a temperature of 170C for 1
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hour with an electric field of 20 kV/cm (CP-1hr).

5.3.  Results and Discussions
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Figure 5-3. The COMSOL simulation to estimate the temperature change in the PZT film and
substrate during the photonic sintering. The top surface of the PZT film reached ~ 950 <C, which
is high enough to sinter the PZT powders. However, the film-substrate interface increased up to
~ 720 <C, which is lower than the required sintering temperature (~ 800 <C).

COMSOL simulation was carried out to estimate the temperature change in the PZT
film and substrate during the photonic sintering. The module, material parameters, and
settings used in the simulation were the same as Chapter 3. Effective sintering power, 1.9
Jlem? for each pulse, was used in this modeling. The result is shown in the Fig. 5-3. The
top surface of the PZT film reached up to ~ 950 <C, which is high enough to sinter the PZT
powders. However, the film-substrate interface increased to ~ 720 <C, which is lower than
the required sintering temperature (~ 800 <C). Therefore, the sintering quality of this film
was expected to be lower than the one without ITO glass. There also might be a very thin
layer at the film-substrate interface that was not sintered well due to the low temperature
increase.

SEM image was used to study the sintering quality of ITO glass covered PZT film as
shown in the Fig. 5-5. Prior to sintering, an approximately 6 um film was achieved with
consistent thickness and uniformly distributed particles (Fig. 5-4 (a)). After the
performance of photonic sintering using the updated optimal sintering parameters
combination (applied voltage (600 V), pulse duration (130 ps), pulse frequency (2 Hz),
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number of pulses (N = 23), and
number of cycles (C = 2). The
effective energy delivered to the film
was 1.90 J/cm? (total energy = 87.4
Jlcm?)), the particles were expanded
and merged into larger sizes to
densify the film (Fig. 5-4 (b)). The
SEM image is revealing a well
sintered film. However, in order to
protect the ITO layer from burning

to lose the electric conductivity and

. o ~ due to the light absorption of this
Figure 5-4. Before (a) and after (b) sintering with

electric field poling. An approximately 6 um thick layer, the effective sintering energy
PZT film was achieved prior to sintering. After the
photonic sintering, a well sintered PZT thick film was
obtained. Notice the particles size was increased due without ITO glass. Therefore, the
to the thermal expansion and powders merging.

was much lower than that used

sintering quality was inferior to the
one without ITO glass as described in the Chapter 3. Moreover, at the film-substrate
interface, the pore size is larger than the one at the surface. This most likely is due to the
temperature gradient along the thickness direction as shown in the Fig. 5-4.

The piezoelectric voltage coefficient (gs3) and relative permittivity (&) of the six
groups of sintered and poled PZT films were measured using a self-build cylinder system
and an RC bridge circuit, respectively, after setting the samples aside at room temperature
overnight to relieve the stress induced during poling process as mentioned in the Chapter
3.5. ds3, the piezoelectric charge coefficient that is the coefficient directly related to the
film actuation capability (generation of the mechanical deflection in response to the electric
field), was also calculated using Eg. 5-1 for the quantitative comparison.

d33 = g33&r€o (5-1)
where go represents electric constant (g0 ~ 8.854 x 1072 F/m). The gs3 and &r used for the
das calculation were averaged values.

The results of all six groups are summarized in the Table 5-1. It is noted that each

result is from the average of 5 samples, and the one standard deviation is also included.
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However, ds3 values were calculated from the averaged gsz and . Therefore, in the table,
no standard deviation is included for ds3. By comparing all six groups, the PS-PP prepared
PZT yields the best piezoelectric properties. This demonstrates the enhancement of the
piezoelectric property via performing poling during photonic sintering. The key to this
enhancement is the cyclic high temperature poling. Kounga et al. already demonstrated that
the saturated ds3 value can be easily obtained via gradually reducing the temperature
(6 °C/min) from well above the PZT film’s Curie temperature to room temperature with
the application of poling field [6]. This may be attributed to three reasons: firstly, the
dipoles are formed during temperature dropped through the Curie temperature via the phase
transition from paraelectric cubic to the ferroelectric tetragonal/orthorhombic. The
orientations of the dipoles are so different that reach an electrically balanced state of the
material while no electric field is applied during the phase transition. And then, the poling
step is to provide sufficient energy to overcome the interdomain stress to reorient the
dipoles along the poling direction [4]. However, with the application of the electric field,
there is a preferred dipole direction built by the field. During the phase transition, dipoles
will directly form along this direction without the need to overcome the interdomain stress.
Therefore, higher piezoelectric properties can be obtained while using lower poling field.
Secondly, the higher temperature, the higher mobility of the atoms, which facilitates the
reorientation of the dipoles. Thirdly, as proposed in the [2], the UV light can induce an
internal field in the PZT film to compensate the depolarization field. Therefore, high poling
quality can be obtained. This poling during photonic sintering also provides the optical
condition. Further enhanced piezoelectric properties were expected. Moreover, the high gss
(22.6 <10 V-m/N) and ds3 (626.0 x 10> m/V) values reveal that the PS-PP group is
expecting to have the best sensing and actuation performances among all six groups.
Moreover, due to lower sintering power delivered into the PZT film to protect the ITO
layer, the sinteirng quality of the film along the thcikness direction was inferior to the
groups without ITO glass (shown in the Chapter 3.4). An opportunity for the future is to
explore alternative transparent and conductive top electrode to allow greater energy
transfer into the PZT film for this proces. This could give rise to even higher piezoelectric
properties as the comparison between the PS-PP processed PZT film and typical values of
soft PZT [7]. By comparing the PS-PP-CP-L group (gss = 22.5 <10 V-m/N, ds3 = 597.2
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%1012 m/V) with the PS-PP group, it shows that both the gss and dss values obtained from
PS-PP group cannot be further increased by post poling. This indicates the piezoelectric
property achieved by PP-PS is sufficientaly high andcannot be further enhanced using
conventional poling approach. More importantly, the piezoelectric coefficients were
reduced after further conventional poling. This possibly can be attributed to the slight
depolarization by the lower poling energy resulting from the conventional poling
conditions. It should also be noted that the time dependent domain wall motion would cease
to play a role at a high temperature (but below Curie temperature in order to have domains)
because of extremely high mobility of the domain wall or instantaneous creation of new
domain walls at such a high temperature [4]. Moreover, most of the dipoles were directly
formed along the poling field direction during the phase transition, which is completed in
nano second scale [8]. This is why at such a short sintering and poling duration (= 5 min),
the PS-PP group still can achieve high piezoelectric properties. However, if the temperature
is not high enough, such a short poling duration is not sufficient to reorient the dipoles and
to obtain high piezoelectric properties. This can be verified from that very weak
piezoelectric properties (TS-CP-5min group: gss = 6.6 <102 V-m/N, ds3 = 21.6 x 1012
m/V; PS-CP-5min group: gss = 8.0 <102 V-m/N, ds3 = 26.4 <102 m/V) were obtined in
those conventionally poled samples at the PS-PP time-scale. Lastly, as mentioned in the
Chapter 3, for the given poling duration, photonically sintered samples show superior
piezoelectric property to the thermally sintered samples due to the lower secondary phase

(known as pyrochlore phase due to the lead loss at high sintering temperature).
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Table 5-1. The piezoelectric property of six groups.

Methods 938 s N
(102 V-m/N) (102 m/V)

Typical values of soft PZT [7] 23.0 660.0 3250
TS-CP-1hr 21.3*14 341.2 1810 +246
PS-CP-1hr 22.1+2.0 516.3 2640 +305
TS-CP-5min 6.6 0.8 21.6 370 =57
PS-CP-5min 8.0%1.0 26.4 373 £40
PS-PP 226 %19 626.0 3130 242
PS-PP-CP-1hr 22520 597.2 2999 +261

5.4. Conclusions

This chapter demonstrates the feasibility of performing PZT thick film poling during
photonic sintering, which results in a further enhancement of the piezoelectric property and
reduction of the entire processing duration. The processing setup is presented and the
sintering parameters are analyzed to obtain a dense sintered film. Six PZT film groups
using different sintering and poling technique combinations are prepared. gs3 and
permittivity are measured, and dzs calculated to quantitatively investigate the piezoelectric
properties of sintered and poled films. The PZT film prepared via poling while photonic
sintering approach yields the best piezoelectric property, which cannot be further enhanced
using conventional poling approach. However, at such a short poling time scale, high
piezoelectric property cannot be obtained using the conventional poling method. Moreover,
it demonstrates again that the PZT films using photonic sintering method is leading to

higher piezoelectric property than those using thermal sintering.

110



References:

[1]

[2]

[3]

[4]
[5]

[6]

[7]
[8]

J. Ouyang, D. Cormier, S. A. Williams, and D. A. Borkholder, "Photonic sintering
of aerosol jet printed Lead Zirconate Titanate (PZT) thick films,” Journal of the
American Ceramic Society, vol. 99, pp. 2569-2577, 2016.

A. L. Kholkin and N. Setter, "Photoinduced poling of lead titanate zirconate thin
films," Applied physics letters, vol. 71, pp. 2854-2856, 1997.

A. L. Kholkin, D. V. Taylor, and N. Setter, "Poling effect on the piezoelectric
properties of lead zirconate titanate thin films,” Applications of Ferroelectrics,
1998. ISAF 98. Proceedings of the Eleventh IEEE International Symposium on,
IEEE, 1998.

B. Jaffe, Piezoelectric ceramics. Elsevier, 2012.

C. Coutal, A. Azéna, and J. —C. Roustan, "Fabrication and characterization of ITO
thin films deposited by excimer laser evaporation,” Thin Solid Films, vol. 288, pp.
248-253, 1996.

A. B. Kounga, T. Granzow, E. Aulbach, M. Hinterstein, and J. Rédel, "High-
temperature poling of ferroelectrics,” Journal of Applied Physics, vol. 104, p.
024116, 2008.

DONG IL TECHNOLOGY LTD., “Piezoelectric Materials” [online], Available:
www.dongiltech.co.kr.

D. Mao, B. E. Gnade, and M. A. Quevedo-Lopez, "Ferroelectric properties and
polarization switching kinetic of poly(vinylidenefluoride-trifluoroethylene)
copolymer,” Ferroelectrics-Physical Effects, InTech, 2011.

111



Chapter 6 Conclusions and Future Work

6.1. Conclusions

This work developed processing techniques that enable piezoelectrics with superior
properties to be fabricated directly on low-temperature substrates. Three photonic sintering
based piezoelectric ceramic thick film fabrication processes were proposed and
demonstrated with distinct benefits. The first process yields low substrate temperature
increase with enhanced piezoelectric properties over the thermally sintered group due to
the lower secondary phase. This allows the piezoelectric ceramic thick film be processed
directly on the low temperature substrates, such as PET and Kapton. The second process
provides high quality sintering throughout the entire piezoelectric ceramic thick film
thickness to further improve the piezoelectric properties. However, the temperature of the
film-substrate interface is high after sintering. The third process method allows performing
poling during photonic sintering to further shorten the whole processing time. The
piezoelectric properties are also further improved. The substrate temperature increase only
reaches to ~ 700 <C, which permits employing this process to prepare the piezoelectric
ceramic thick film on low melting point metal substrates, such as aluminum, magnesium,
and aluminum alloy. Therefore, according to the different application requirements, proper
process can be used to obtain high performance devices. This work extremely shortens the
piezoelectric ceramic thick film processing time, highly expands the substrate material
choice, and greatly improves the piezoelectric properties over the thermally sintered groups.
Moreover, all of these high temperature sintering processes are performed in the
atmospheric condition, which is not possible using conventional furnace sintering method
due to the oxidation of the electrodes or substrates. This is accordingly simplifies the

process.
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For the process, the micro-powder based and nano-powder based PZT inks were
formulated for the direct printing technique. The PZT film deposition was then realized by
the aerosol jet printing. Thick PZT films were achieved by printing both micro-powder
based and nano-powder based inks. The effect of the particle size and sintering aid on the
PZT sintering temperature was studied. It turns out that the smaller particle size has the
lower sintering temperature. And adding the sintering aid could further lower the sintering
temperature. By adding the liquid phase sintering aid (Cu2O + PbO) and using the nano-
sized particle, the PZT sintering temperature was reduced to ~ 800 <C. Photonic sintering
technique was used to sinter PZT film in < 1 min. After sintering, the PZT powders were
fused and merged together to form a dense film. Finite element simulation was carried out
to estimate the temperature change in the PZT film and the substrate. From both simulation
and experiment, it was observed that the substrate temperature increase was low enough (<
200 ). Nano-powder based film, due to the lower sintering temperature and usage of the
optimized sintering parameters, obtained a high quality sintering throughout the entire
thickness. Piezoelectric properties characterization systems were built to measure
polarization-electric field hysteresis loop, permittivity, and piezoelectric voltage
coefficient. The photonically sintered PZT films yielded the superior piezoelectric
properties to the thermally sintered films. The reason can be attributed to lower pyrochlore
phase observed in the photonic sintered PZT films.

Photonic sintering of PZT film opens several possibilities to realize the PZT
fabrication due to the temperature gradient in the target film and extremely short processing
duration: Firstly, photonic sintering of PZT film creates the opportunity to process PZT
film directly on low melting point substrate. PET was used to demonstrate the PZT
fabrication process on low melting point substrate. Pulse flashes successfully sintered PZT
film without damage the PET substrate. After poling, the PZT film revealed enhanced
piezoelectric properties, as well. By using this technique, a d3z mode flexible PZT energy
harvester was fabricated. The bending stress in the device was modelled using COMSOL.
A linear relation between the output open-circuit voltage and the maximum stress was
obtained. By connecting the device with the resistive load using a rectifying circuit, the
generated energy from the energy harvester was measured. Up to 0.1 uW generated energy

was achieved when connected with 10 MQ resistive load. Secondly, photonic sintering also
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allows performing the PZT dipole reorientation while sintering. The feasibility of that
reorient the PZT dipoles during photonic sintering was demonstrated. The comparison
between this process and 5 control groups using different sintering and poling technique
combination was carried out. The highest piezoelectric properties were observed in the
group that was prepared using poling during photonic sintering method. This approach
even further shortens the processing duration. Moreover, the substrate temperature increase
(~700 <C) was still lower than those thermally sintered groups.

Photonic sintering facilitates the PZT fabrication and allows obtaining a high
performance PZT film with low substrate increase. This could be helpful to the fabrication
of both regular and flexible single layer PZT devices. Moreover, this also could be
beneficial to the bimorph or multilayer PZT devices, because the choice of the electric
conductive material that is served as the electrode layer between two PZT layers can be

expanded.

6.2. Future Opportunity

The realization of performing a fully sintered PZT thick film on the low melting point
substrate (Kapton or PET) is demanded for obtaining a superior flexible piezoelectric
devices performance. The exploration of different flash exposure modes and pulse profiles
that are available in the PulseForge is required to well control the temperature increase in
the PZT film to realize a fully sintered PZT on the low temperature substrate. pPulse mode,
a special mode in the PulseForge photonic sintering system, allows the users to divide each
flash pulse into multiple micropulses, and control the rising and dropping time for each
micropulse, enabling fine manipulation of the film temperature change with each pulse.
However, over 10 separate exposure process variables have to be optimized if using this
mode. And the different rising and dropping time for each micropulse would increase the
difficulty and complexity of using the COMSOL simulation. SimPulse, a simulation
application created and developed by NovaCentrix for modeling the PulseForge photonic
curing system will be used to investigate the temperature change in the PZT film and
substrate in response with different settings in the uPulse mode. Notice, a thin molten or
glass transition layer of the low temperature substrate is allowed to enhance the PZT film

adhesion to the substrate. A comparison of SimPulse simulated results between the
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aforementioned optimized sintering parameters (i.e. voltage = 400 V; pulse duration = 650
us; frequency = 2 Hz; number of pulses = 20) and one setting of the pPulse mode is shown
in the Fig. 6-1 and Fig. 6-2 for a 6 um thick PZT film built on a 20 pm thick Kapton
substrate (melting temperature ~ 500 <C). The PZT film temperature increases up to
2050 <C and the Kapton substrate temperature increases up to 1850<C while using the
aforementioned optimized sintering parameters in only one cycle (Fig 6-1 (a)). Therefore,
this parameter could certainly melt the substrate and possibly burn the PZT film. pPulse
mode allows users manipulate the parameters of Voltage, uPulses (number of sub-pulses
in a single flash), Envelope (exposure duration), Duty Cycle (the ramping time for the
voltage (not flash energy) increases to the setting value), Fire Rate (frequency), Repeat
Count (number of pulses). Fig. 6-2 (a) is showing an attempted sintering parameters used
for the simulation of the pPulse mode. The power density profile resulted from this setting
is shown in the Fig. 6-2 (b) for each pulse. The temperature changes at the PZT film top
surface (red curve) and the PZT film-substrate interface (blue curve) for the entire exposure
duration are shown in the Fig. 6-2 (c). The top surface of the PZT film temperature can
increase up to >1010 <C, which is sufficiently high for the PZT film sintering. However,
the PZT-substrate interface temperature increases only up to ~ 650 <C. This temperature
would not only melt the substrate slightly to enhance the adhesion, but also be sufficiently
high to fuse and merge the PZT particles. Experiments based on the simulation result
should be carried out to verify the model. Notice that the maximal temperature increase in
the both film and substrate are reached at the 10" pulse and no changes after that when
using the pPulse module. Therefore, one important information is needed, which is how
many pulses are really required to obtain a quality sintering throughout the film. Qualitative
observation using SEM images and quantitative investigation by the P-E hysteresis loop,
permittivity and piezoelectric voltage coefficient are necessary to obtain the optimal

number of pulses and cycles.
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Figure 6-1. SimPulse modeling result of the temperature change for the simulation of 6 um PZT
film on the 20 um Kapton substrate under the sintering condition: voltage = 400 V; pulse duration
= 650 ps; frequency = 2 Hz; number of pulses = 20. The blue curve represents the temperature
change at the Kapton substrate surface, and the red curve represents the temperatuer change at
the PZT film surface. This is just a single cycle result while the optimized sintering parameters
require two cycles. The temperature of the Kapton already increases up to 1850 <C, which could
certainly burn the substrate. 2050 <C in the PZT film could also burn the PZT film. Therefore, an
optimization for the sintering parameters is required to obtain a fully sintered PZT film
throughout the thickness without damage the low temperature substrate.
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Figure 6-2. A SimPulse simulation on a pPulse mode setting (a) that results in a (b) up to 29k
W/cm? power density for each pulse. The temperature change (c) in the PZT film and substrate
indicates up to 1010 <C temperature can be generated at the film surface to obtain a well sintered
PZT film. On the other hand, the substrate temperature is expected as low as 650 <C. This could
melt the substrate slightly to enhance the film-substrate adhesion without damage it. This setting
could allow that the PZT film directly sintered on the low temperature substrate.
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Appendix A Process Description of Aerosol Jet Printer

The aerosol jet printer consists of three major parts: pneumatic atomizer, virtual
impactor, and print head.

Atomization is the process of forming an aerosol stream from the ink in the
atomization jar. Fig. A-1 illustrates the atomization process. Compresses gas (N2 in this
work) is transited through a tube to the atomization head (i.e. atomizer) with high velocity.
Due to the Venturi Principle, the ink is drawn off the reservoir and sucked into the capillary
tubing through a small orifice. Subsequently, as the ink travels to the top of the tubing, the
high-velocity N2 gas breaks the ink into small droplets and blown them to the flow. The
amount of incoming N2 gas is controlled by the flow controller, and hence further control
the amount of the ink that is to be atomized. The atomized stream then is carried to the

virtual impactor. [1]

N2 Inlet

To Virtual Impactor
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Atomization Jar Stream/
/ Capillary
/ Tube
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|
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|
\ Ink N /
N
AN
N
N

Figure A-1. The section view of the pneumatic atomization system to illustrate the working
process of atomization.
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Figure A-2. The aerosol jet printed single PZT line. The over-sprayed splatters negatively affect
printing resolution.

The ink stream that exits from the atomization jar contains high quantity of droplets
with high flow rate and various droplet sizes. However, firstly, with high speed, the jetted
stream would hit the substrate and bounce away to form splatters. Secondly, smaller size
droplets, after leaving the print head, are more susceptible to the influence of air resistance
and air flow, which would also results in satellite features on the substrate [2]. However,
the splattered satellites affect the printed feature size and structure as shown in the Fig. A-

2, which is not acceptable for functional printing. Virtual impactor is located after the

Exhausted

Chamber

| | Collegtion Probe

Ink Droplets
. ad

RN

Nozzle

\ Collection Probe

I Ink Droplets I
1. ]

Figure A-3. Working principle of virtual impactor.
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atomization jar to lower the stream flow rate and exhaust the smaller droplets (Fig. A-3).
The stream from the atomization part arrives the nozzle and penetrates the collection probe.
However, the droplets that have low momentum would deviate after leaving the nozzle and
enter the chamber due to the extracting flow rate applied at the virtual impactor, which is
controlled by the mass flow controller. These droplets are then exhausted from the stream.
Provided the droplets are only PZT ink (i.e. same density, ideally), then the larger droplets
have higher weight giving rise to higher momentum. Therefore, smaller particles are
evacuated as shown in the Fig. A-3. The droplets remained in the collection probe are
directed downstream to the print head for jetting out. The flow rate in the collection probe
equals the difference between atomization flow rate and virtual impactor flow rate. [3]

The aerosol stream is carried from the virtual impactor to the ceramic deposition
nozzle (the diameter of the orifice is typically 150, 200, or 300 um) through a
polypropylene tube with an internal diameter of 1/8 in. The specially designed deposition
head is the key of the printing (Fig. A-4). The co-axial sheath gas is forming and
surrounding the aerosol stream to avoid its contact to the nozzle tip which may lead to
contamination of the nozzle head or clogging. In the meantime, the aerosol stream is also
aerodynamically focused by this sheath gas to enhance the printing resolution. A shutter is
used in the stream path between the ceramic nozzle and the substrate. It is used to obstruct
the aerosol stream printing after leaving the print head for those moments when the printing
requires to be stopped. [1]

Sheath Gas

Ceramic Nozzle

Shuttle

™~

\ Aerosol Stream

Substrate

Figure A-4. The sectional view of the ceramic nozzle during printing. The sheath gas is used to
aerodynamically focus the aerosol stream to avoid the clog at the nozzle head to negatively
affect the printing.
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Appendix B Elimination of the Pyrochlore Phase for
Photonically Sintered PZT

The PZT pyrochlore phase observed in the sintered films is believed to be due to
volatilization of PbO during sintering. Therefore, the addition of PbO (Sigma-Aldrich Co.
LLC, ) was explored to eliminate this secondary phase. Additionally, low concentrations
of added PbO have been shown to lower PZT sintering temperature [1, 2]. The films are
accordingly expected to have better quality and higher density than those sintered without
added PbO. The updated ink composition is shown in Table Al.

Table B-1. Updated PZT ink composition

Material Weight
PZT 30.0
DI Water 48.6
EG 12.4
DisperBYK- 5.0
PVP 3.0
PbO 1.0

Both SEM images (Fig. B-1) and XRD (Fig. B-2) were used to examine the sintering
quality of two sintering approaches (thermal and photonic). The film quality for both
sintering approaches has been improved as compared to the prior results of Fig. 8 (b) and
(c), with the greatest improvement in secondary phase reduction achieved for the
photonically sintered case. The measured densities of the sintered films were 85.2%
(thermal sintering) and 84.3% (photonic sintering) of the theoretical APC 855, respectively.
As with the prior formulation, the photonically sintered film had less effective fusing and
merging of the particles deep within the film as shown in Fig. B-1 (d), due to the
temperature gradient from the flash energy through the film thickness. The XRD results
show pure crystalline perovskite structure in the photonically sintered films (Fig. B-2 (b)).

However, the pyroclore phase was still observed in thermally sintered films (Fig. B-2 (a)).
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The elimination of pyrochlore phase in the photonically sintered film is expected to

enhance the piezoelectric properties.

Figure B-2. SEM images of PZT films after thermal sintering (a), and after photonic sintering (b).
While the surface density of the photonically sintered film appears higher, overall density through
the film was slightly lower than the thermally sintered case. SEM images of (c) and (d) are cross-
sectional micrographs of the thermally and photonically sintered films, respectively.
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Figure B-1. XRD results for thermally (a) and photonically (b) sintered PZT films. Addition of 1
wt.% PbO to the PZT ink formulation yielded a slight reduction in the pyrochlore phase (marked
as “Py”) for the thermally sintered film. However, for the photonically sintered case, the
pyrochlore phase has been completely eliminated, yielding a pure perovskite phase.
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Appendix C  Design of Experiment for Fully Sintered PZT
Thick Films

In order to optimize the sintering parameters to obtain a fully sintered PZT thick film,
a design of experiment (DOE) with 5 variables (voltage, pulse duration, frequency, number
of pulses, and number of cycles), 2 levels, and 2 replicates was carried out in Minitab 17.
The matrix is shown in the Table C-1. The response was estimated from the qualitative
observation of the sintered PZT films with assistant of SEM images. It reflected the sintered
quality of the film. O represents non-sintered yet, 1 represents either the film was already
burned or the energy density resulted from the setting was too high to be processed by the
equipment for the safety purpose. The closer to the 0.5 of the response, the better sintered
quality obtained in the PZT film. For the equipment, the initial intensity of the xenon flash
lamp is controlled through setting the charge voltage of the capacitor banks that will
discharge through the xenon lamp during flashing. During the flashing, the capacitors are
continuously being charged with a given rate. However, the equipment will stop working
while the stored charge voltage is used out in the capacitor banks and the voltage usage
rate exceeds the charging rate during the flashing. This limits the number of cycles and
pulses. The main effects plots were generated and shown in the Fig. C-1. The ANOVA
(analysis of variance) table was shown in the Table C-2. Notice that within the specified
range of the factors, frequency had the least impact to the sintering quality due to the high
p-value (> 0.05). Among all four significant factors, number of pulses shows the greatest
impact. This is because two extreme levels were used for this factor (i.e. 1 and 20).
Therefore, significant difference in the response was expected. In addition, by investigating
the residual plots (Fig. C-2), the straight-line pattern in the normal probability plot, the
random scatter around the horizontal “zero error line” and the constant spread, plus the
normally distributed residual frequency plot show that there is no violations in using this
ANOVA model. The best response was yielded when using the combination of voltage =

400, duration = 650, frequency = 1, number of pulses = 20, and number of cycles = 3.
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However, the response for this combination was 0.55, indicating a slightly overexposure.
A further optimization was performed based on this by fine tuning the least important
parameters. The final optimized parameters were: voltage = 400, duration = 650, frequency
= 2, number of pulses = 20, and number of cycles = 2.

Table C-1. Factor table and experimental response results for photonic sintering
parameter optimization.

Std Order Run Order Voltage Duration Freq. No. of P No.of C  Response

20 1 400 650 1 1 3 0.05
24 2 400 650 2 1 3 0.05
45 3 300 400 2 20 1 0.20
41 4 300 400 1 20 1 0.15
14 5 400 400 2 20 1 0.2
36 6 400 650 1 1 1 0.00
27 7 300 650 1 20 3 0.40
57 8 300 400 1 20 3 0.25
26 9 400 400 1 20 3 0.30
34 10 400 400 1 1 1 0.00
39 11 300 650 2 1 1 0.00
29 12 300 400 2 20 3 0.20
15 13 300 650 2 20 1 0.15
33 14 300 400 1 1 1 0.00
9 15 300 400 1 20 1 0.10
23 16 300 650 2 1 3 0.05
1 17 300 400 1 1 1 0.00
22 18 400 400 2 1 3 0.05
3 19 300 650 1 1 1 0.00
58 20 400 400 1 20 3 0.35
56 21 400 650 2 1 3 0.05
50 22 400 400 1 1 3 0.00
13 23 300 400 2 20 1 0.10
55 24 300 650 2 1 3 0.00
28 25 400 650 1 20 3 0.55
11 26 300 650 1 20 1 0.15
8 27 400 650 2 1 1 0.00
42 28 400 400 1 20 1 0.05
32 29 400 650 2 20 3 0.70
18 30 400 400 1 1 3 0.00
35 31 300 650 1 1 1 0.00
30 32 400 400 2 20 3 0.30
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Std Order Run Order Voltage Duration Freq. No. of P No.of C  Response

5 33 300 400 2 1 1 0.00
12 34 400 650 1 20 1 0.30
25 35 300 400 1 20 3 0.15
53 36 300 400 2 1 3 0.00
61 37 300 400 2 20 3 0.20

7 38 300 650 2 1 1 0.00
19 39 300 650 1 1 3 0.05
16 40 400 650 2 20 1 0.40
44 41 400 650 1 20 1 0.30
59 42 300 650 1 20 3 0.30
17 43 300 400 1 1 3 0.00
60 44 400 650 1 20 3 0.60
10 45 400 400 1 20 1 0.25
37 46 300 400 2 1 1 0.00
38 47 400 400 2 1 1 0.00
64 48 400 650 2 20 3 0.80
47 49 300 650 2 20 1 0.20
49 50 300 400 1 1 3 0.00
46 51 400 400 2 20 1 0.10
62 52 400 400 2 20 3 0.15
63 53 300 650 2 20 3 0.40

6 54 400 400 2 1 1 0.00
o1 55 300 650 1 1 3 0.05
40 56 400 650 2 1 1 0.05
54 57 400 400 2 1 3 0.00
43 58 300 650 1 20 1 0.10
21 59 300 400 2 1 3 0.00
48 60 400 650 2 20 1 0.40

4 61 400 650 1 1 1 0.00

2 62 400 400 1 1 1 0.00
31 63 300 650 2 20 3 0.35
52 64 400 650 1 1 3 0.05
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Main Effects Plot for response
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Figure C-1. The main effects plots of the response. The frequency shows insignificant impact to
the sintering quality. Number of the pulses shows the greatest importance to the sintering.
Practically, 20 pulses yielded better sintering quality.

Table C-2. ANOVA (analysis of variance) table for all five factors and two-factor
interactions.

Source DF Adj SS Adj MS F- Value  P-Value
Model 15 8.60809 0.57387 20.67 0.000
Linear 5 7.21332 1.44266 51.97 0.000
Voltage 1 0.13141 0.13141 31.08 0.000
Duration 1 0.14062 0.14062 33.26 0.000
Frequency 1 0.00250 0.00250 0.59 0.446
No. of P 1 1.07641 1.07641 254.56 0.000
No. of C 1 0.15016 0.15016 35.51 0.000
2-Way 10 1.39477 0.13948 5.02 0.000
Voltage*Duration 1 0.06891 0.06891 16.30 0.000
Voltage*Frequency 1 0.00391 0.00391 0.92 0.341
Voltage*No. of P 1 0.10562 0.10562 24.98 0.000
Voltage*No. of C 1 0.01000 0.01000 2.36 0.131
Duration*Frequency 1 0.00563 0.00563 1.33 0.254
Duration*No. of P 1 0.08266 0.08266 19.55 0.000
Duration*No. of C 1 0.03516 0.03516 8.31 0.006
Frequency*No. of P 1 0.00141 0.00141 0.33 0.567
Frequency*No.of C 1 0.00016 0.00016 0.04 0.848
No. of P*No. of C 1 0.09000 0.09000 21.28 0.000
Error 48 0.20297 0.00423

Total 63 2.10750

S: R-sq: R-sq (adj): R-sq (pred):

0.0650270 90.37% 87.36% 82.88%
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Normal Probability Plot Versus Fits
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Figure C-2. Residual plots for response. The straight-line pattern in the normal probability plot,
the random scatter around the horizontal “zero error line” and the constant spread, plus the
normally distributed residual frequency plot show that there is no violations in using this ANOVA
model.
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Appendix D Design of Experiment for Photonic Sintering of
PZT Thick Films with ITO Glass

In order to optimize the sintering parameters to obtain a fully sintered PZT thick film
without damaging the ITO glass, a design of experiment (DOE) with 3 variables (voltage,
pulse duration, and number of cycles), 2 levels, and 2 replicates was carried out in Minitab
17. According to aforementioned DOE result, frequency was the most insignificant factor
for the sintering quality. Therefore, in this DOE, frequency was not considered as a variable
and fixed the value to 2 Hz. 20 number of pulses gave the best sintering quality based on
the empirical analysis. Therefore, for all DOE experiments in this section, the number of
pulses was fixed to 20. The factor and level matrix is shown in the Table D-1. The response
was estimated from the qualitative observation of the sintered PZT films with assistant of
SEM images. The main effects plots were generated and shown in the Fig. D-1. The
ANOVA table was shown in the Table D-2. It is indicated that within the specified range
of the factors, voltage and duration had the greatest impact to the sintering quality, as well
as the interaction between these two factors, due to the large slope in the Fig C-1 and low
p-value (< 0.05) in the Table D-2. Although the residual frequency plot shown in the Fig.
D-3 reveals a skewed normal distribution that is most likely due to the same response for
all of the voltage = 600 V and duration = 500 ps variable combinations, high R-square
(99.43 %) shown in the Table D-2 still indicates a good ANOVA model that is reliable.
The best response was obtained when using the combination of voltage = 600, duration
=130, frequency = 2, number of pulses = 20, and number of cycles = 2. However, the
response for this combination was 0.45, indicating a slightly underexposure. A further
optimization was performed based on this by fine tuning the least important parameters.
The final optimized parameters were: voltage = 600, duration = 130, frequency = 2, number

of pulses = 23, and number of cycles = 2.
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Table D-1. Factor table and experimental response results for photonic sintering

parameter optimization.

Std Order Run Order Voltage Duration Noof C  Response
9 1 400 130 1 0.10
4 2 600 500 1 1.00*
6 3 600 130 2 0.45
1 4 400 130 1 0.15
) 5 400 130 2 0.15
2 6 600 130 1 0.30
3 7 400 500 1 0.25
14 8 600 130 2 0.45
15 9 400 500 2 0.40
11 10 400 500 1 0.35
12 11 600 500 1 1.00*
10 12 600 130 1 0.35
16 13 600 500 2 1.00*
8 14 600 500 2 1.00*
13 15 400 130 2 0.20
7 16 400 500 2 0.35
* The applied energy was too high to be allowed in the photonic sintering system.
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Figure D-1. The main effects plots of the response. The voltage and duration show significant
impact to the sintering quality. Number of cycles was not as significant as voltage and duration.
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Table D-2. ANOVA table for all three factors and two-factor interactions.

Percent

Source DF Adj SS Adj MS F-Value P-Value
Model 6 1.75719 0.292865 259.52 0.000
Linear 3 1.56047 0.520156 460.94 0.000
Voltage 1 0.83266 0.832656 737.86 0.000
Duration 1 0.70141 0.701406 621.55 0.000
No. of C 1 0.02641 0.026406 23.40 0.001
2-Way 3 0.19672 0.065573 58.11 0.000
Voltage*Duration 1 0.19141 0.191406 169.62 0.000
Voltage*No.of C 1 0.00141 0.001406 1.25 0.293
Duration*Noof C 1 0.00391 0.003906 3.46 0.096
Error 9 0.01016 0.001128
Total 15 1.76734
S: R-Sg:  R-sq (adj): R-sq (pred):
0.0335927 99.43% 99.04% 98.18%
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Figure D-2. Residual plots for response. Although the residual frequency histogram plot reveals
a skewed normal distribution that is most likely due to the same response for all of the voltage =
600 V and duration = 500 ps variable combinations, high R-square (99.43 %) shown in the Table
C-2 still indicates a good ANOVA model that is reliable.
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