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This article presents constitutive equations of transparent lead lanthanum zirconate titanate (PLZT)
materials poling along thickness direction or with 0-3 polarization. Discussed first are the Beer’s law of
light transmission in transparent solid and the photovoltaic current density in PLZT materials. Formulas
for field strength and electrical potential between two electrodes of a PLZT wafer are then derived from
the basic photovoltaic equations. By superposing the photovoltaic and the converse piezoelectric effects,
we formulate a novel expression for photo-induced strain that is nonlinearly dependent of incident light
intensity and varies with light penetration depth in through-thickness direction. On the basis of the
derived photo-induced strain, linear and nonlinear constitutive equations of 0-3 polarized PLZT actuators
are formulated. The present model is validated by using the available experimental data in the literature.
By using the present model with an exponential variation of strain through the thickness, closed-form
solutions for the equivalent loads acting on a PLZT unimorph, bimorph and intelligent beam are obtained
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and then compared with numerical results available in the literature.
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1. Introduction

Optical actuators have received considerable attention in recent
years as they have found various applications in micro-electro/
opto-mechanical system (MEMS/MOMS), ultrahigh vacuum and
space technology. In an optical actuator, mechanical strain is in-
duced by light illumination, which is referred to as photostriction.
Photostrictive phenomena have been found in many materials, e.g.,
semiconductors (Figielski, 1961; Gauster and Habing, 1967),
polymers (Eisenbach, 1980; Charra et al., 1993; Yu et al., 2003;
Camacho-Lopez et al., 2004) and ferroelectric ceramics (Fridkin,
1979; Brody, 1983; Poosanaas-Burke et al., 1998; Ichiki et al.,
2005). When light illuminates on a semiconductor, it generates
free charge carriers due to absorption of photons, which results
in mechanical deformation. Light illumination on polymeric mate-
rials with photo-responsive molecules produces mechanical defor-
mation as a result of the reversible trans-to-cis transformation. The
photo-induced strain in PbLaZrTi (PLZT) is a superposition of
photovoltaic and converse piezoelectric effects. The light illumina-
tion also causes solid temperature variation giving rise to thermal
expansion. It must be noted that the photostrictive effect is differ-
ent from thermal dilatation owing to the temperature elevation.

Of these materials, PLZT ceramic is one of the most promising
photostrictive materials as it has a high piezoelectric coefficient
and is easy to fabricate. When near ultraviolet light illuminates
on polarized PLZT materials, an electrical field is generated along
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spontaneous polarization direction due to the photovoltaic effect,
and then mechanical strain is induced owing to the converse pie-
zoelectric effect. The photovoltaic effect occurring within PLZT
materials is considered to be an optical property of the material it-
self. The photovoltaic effect shows its merits in a number of as-
pects: (1) high electrical output voltage, (2) transducer from
optical energy to electrical energy, (3) wireless energy transfer,
(4) noise elimination vibration control, and (5) remote control.
These characteristics are useful in MEMS and MOMS (Poosanaas-
Burke et al., 1998; Ichiki et al., 2005).

The polarization is an essential concept in any phenomenologi-
cal description of ferroelectric materials (Resta and Vanderbilt,
2007). The anomalous photovoltaic effect in PLZT materials is ob-
served only in the direction of spontaneous polarization of ferro-
electric materials. There are mainly two polarizing schemes for
PLZT wafers (Ichiki et al., 2004; Leng et al., 2006), namely, poling
in 0-1 (length) or 0-3 (thickness) direction, as shown in Fig. 1(a)
and (b).

When a PLZT wafer with 0-1 polarization is illuminated by uni-
form ultraviolet light on surface in Fig. 1(a), an electrical field E;; is
generated, and the photo-induced strain &;; causes the PLZT wafer
to deform in extension, as shown in Fig. 2(a). Photovoltaic mecha-
nism and application of this type of PLZT actuator have been stud-
ied by some authors (Uchino et al., 1985; Fukuda et al., 1995;
Poosanaas-Burke et al., 2000; Shih et al., 2005; Sun and Tong,
2007).

Recently, PLZT with 0-3 polarization shown in Fig. 1(b) has
drawn much attention (Ichiki et al., 2005; Qin et al., 2007) since
it is easier to fabricate in MEMS and MOMS applications and the
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Fig. 1. Polarization orientation in a PLZT wafer: (a) electrically poled along length
direction or 0-1 polarization and (b) electrically poled along thickness direction or
0-3 polarization.

applied voltage for polarization is considerably reduced. In this
type of PLZT wafer, one electrode must be transparent so that light
can penetrate the irradiating surface. The transparent electrode can
be fabricated by sputtering Indium Tin Oxide (ITO) on the irradiat-
ing surface (Ichiki et al., 2005; Leng et al., 2006; Qin et al., 2007).

When light illuminates on a PLZT wafer with 0-3 polarization of
Fig. 1(b), an electrical field Es3 is produced and the photo-induced
strain &7 in this type of PLZT wafer create bending as illustrated in
Fig. 2(b). This paper aims to develop linear and nonlinear constitu-
tive equations of a PLZT wafer with 0-3 polarization. Novel formu-
lation for the photo-induced strain will be derived and their
applications will be discussed.

2. Phenomenological modeling of PLZT actuators, novel
formulation of photo-induced strain

Photostriction of PLZT ceramics is a superposition of photovoltaic
and converse piezoelectric effects, but the origin of photovoltaic
effect in PLZT is not clear. To effectively utilize photostriction, sev-
eral models have been proposed to depict photovoltaic mechanism
in PLZT (Fridkin, 1979; Nonaka et al., 1995; Poosanaas-Burke et al.,
2000; Qin et al., 2007). In this paper, we will develop phenomeno-
logical model for PLZT wafers with 0-3 polarization.

2.1. Basic photovoltaic equations, conductivity, current density and
field strength

When illuminated by near ultraviolet light, PLZT materials will
absorb photons and generate free charge carriers (Piprek, 2003;
Yao et al., 2005). The continuity conditions of charge carrier cur-
rents are given by (Piprek, 2003):

on
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where t is time; q is the electron charge quantity, V is the Laplace
operator; {J,} and {J,} denote electron and hole current densities;
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Fig. 2. Photo-induced deformation: (a) a PLZT wafer poled along length direction or
0-1 polarization and (b) a PLZT wafer poled along thickness direction or 0-3
polarization.

G and R are the electron-hole pair generation and recombination
rates; n and p represent electron and hole concentrations. When
{J.} and {J, } are determined from Eqs. (1) and (2), and their super-
position gives the photovoltaic current density (Yao et al., 2005).

When light illuminates on surface of PLZT materials, the photo-
voltaic current density can be defined by (Fridkin, 1979):

Uphtanr = aoslie™{k}y ;= ole™{k};3 3)

where {J,n}s3.q4 = {J11,J22,J33} is the photocurrent density vector; o
is the light absorption coefficient; o is the surface transmittance;
I; is the incident light intensity; I,(= osl;) is the light intensity be-
neath the illumination surface; and {k},,; = {ki,k2,ks} is a vector
of the photocurrent density coefficient.

The electrical conductivity of PLZT materials can be defined as
the sum of dark and photo conductivities (Fridkin, 1979):

[K]3,3 = [Kal3,3 + [Kph]3,3l0€ ™" (4)

The relationship of current density and electrical field strength is gi-
ven by (Saslow, 2002):

{’ph}}xl = [K]3,3{Epn}351 (5)

where [k], 4 = diag[k, K, K], [k4]3,5 = diag(ig, Kq, ] and [kpy]5,.5 =
diag[rkpn, Kpn, Kpn)  for  electrically isotropic materials; and
{Epn}s.1 = {E11,E22,Es3} is the field strength vector.

It is known that the photo-induced field strength occurs along
the poling direction of PLZT materials and two polarization orien-
tations are practically used. Photovoltaic current and voltage in a
PLZT wafer with 0-1 polarization were studied by Fukuda et al.
(1995), Shih and Tzou (2000) and Poosanaas-Burke et al. (1998,
2000). A phenomenological model of PLZT materials with 0-3
polarization will be developed here based on the above equations.

2.2. Photocurrent continuity model of the photovoltaic effect, the
converse piezoelectric effect and photo-induced strain

When a 0-3 polarized PLZT wafer is illuminated by near-violet
light, photovoltage and photocurrent in the two opposite thickness
directions are not symmetric (Fridkin et al., 1981; Qin et al., 2007).
The Schottky barrier at the interface with the bottom electrode is
different from that with the top one as their processing histories
are different. Using Egs. (3)-(5), the photo-induced field strength
at z4 of the 0-3 polarized PLZT wafer can be derived as:

_ ksod,e
B Kq + Kphloe—ﬂd

(6)

E33
where z; is a distance measured from the light irradiation surface
and denotes the light penetration depth. The electrical potential
difference in a layer with thickness of (dz;) at z; can be derived in
light of the basic relation of voltage and field strength, and is given
by:

k3o, e%%

dVy3 = E33dzg = ————————
3 335 Kq + KphIOE’“Zd

dzg (7)

The voltage between the bottom and top electrodes can then be ob-

tained by integrating equation (7) in 0 < z; < H:
ks K4 + Kpnlo

V33 = — ln—
Kpn  Kq+ Kpploe™H

8)

where H is the wafer thickness.

By superposing the photovoltaic and the converse piezoelectric
effects, the following novel photo-induced strain in a PLZT wafer
with 0-3 polarization can be obtained:

d3ik3aloe*ﬂd

:W (i=1,2,3) 9)

ii
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where ds; (i =1,2,3) are the coupling piezoelectric constants. It is
seen from Eq. (9) that the photo-induced strain is nonlinearly re-
lated to the incident light intensity. The strain variation with the
light penetrating depth in Eq. (9) will cause the PLZT wafer to de-
form in bending.

Poosanaas-Burke et al. (1998) investigated photovoltaic current
and voltage of 0-1 polarized PLZT ceramics. The photo-induced
strain and applications of a 0-1 polarized wafer have been studied
by a number of authors, e.g., Uchino et al. (1985), Fukuda et al.
(1995) and Shih et al. (2005). For a 0-3 polarized PLZT wafer, Ichiki
et al. (2004, 2005) measured photovoltaic currents and voltages,
and then fitted using the least square technique. Qin et al. (2007)
studied photocurrents of 0-3 polarized wafers. A voltage between
the top and bottom electrodes of a 0-3 polarized PLZT ceramics
is explicitly expressed in Eq. (8) and the photo-strain is given in
Eq. (9). To our best knowledge, Eqgs. (6)-(9) are not available in
open publications.

Egs. (6)-(8) are derived from the basic photovoltaic equations,
which reflect electrical performance. Eq. (9) is directly obtained
by superposing the converse piezoelectric effect of PLZT materials.
It indicates that the photo-induced strain nonlinearly depends on
the light intensity and varies with light penetration depth nonex-
ponentially. This photo-induced strain in 0-3 polarized PLZT actu-
ators is different from that in PLZT actuators with 0-1 polarization,
electrically-induced strain in PZT materials and the thermal expan-
sion as the strains in these cases are uniform through the thickness
normally. It is also different from the photo-induced strain in elas-
tomer (Warner and Mahadevan, 2004) and in silicon (Guo et al.,
2007). In the investigation of Warner and Mahadevan (2004) or
Guo et al. (2007), the photo-induced strain linearly depends on
the light intensity and exponentially decreases with the light pen-
etration depth when the light intensity attenuates by Beer’s law.

When (#,nl,/%q) < 1, photo-induced field strength, voltage and
strain are simplified as:

ksod,e~* ksl

E33 = 1 — e );
33 Kq 5 33 Kq ( e);
. —0Z
e EX) (10

In this case, the photo-induced strain decreases with the light pen-
etration depth exponentially, which is the same as that discussed in
Warner and Mahadevan (2004), Guo et al. (2007) and Luo and Tong
(2009).

To apply Eq. (9) or Eq. (10) to MEMS/MOMS and intelligent
structures, parameters ds; (i = 1,2,3), K4, Kpn, &, 0, and ks need to
be determined by experiment. PLZT 3/52/48 is one of the most
popular PLZT materials. Table 1 lists some values of these parame-
ters of PLZT 3/52/48 and their sources.

In light of the continuity condition of photocurrent, photocur-
rent is3 will flow constantly along thickness direction in a PLZT wa-
fer with 0-3 polarization. Based on Egs. (1) and (2), spatial
distributions of charge carries in this type of PLZT wafer can be
solved for the prescribed boundary conditions when (dn/dt) =0

Table 1
Parameter values and references for PLZT 3/52/48.
ds; (m/V) kg (Q7'mY)  kyy (QT'm/W)  a(umT) O
~154x 10712 88x107'% 63 x 10712 2¢ 0.60¢
2.7 x 1071¢ 1.8 x 1071%¢ 0.252¢ 0.782¢
@ Uchino et al. (1985)
b Ichiki et al. (2004).
¢ Nonaka et al. (1995).
4 Qin et al. (2007).
e

Poosanaas-Burke et al. (1998) for 0-1 polarized PLZT actuators.

and (dp/ot) = 0. In this steady state, the photo-induced charge car-
rier densities n(zq) and p(z4) have been found to decrease with the
illumination depth exponentially if the surface roughness effects
on light irradiation are not considered (Qin et al., 2007). As the cur-
rent densities J, and J, are the same at each point along the current
path, the photocurrent may be expressed as:

i33 = ’_(3061097011{ (1 1)

Eq.(11)is a simplified expression based on the formulation given in
Qin et al. (2007), where k; is referred to as the photocurrent coeffi-
cient, which depends on temperature, Boltzmann constant, elec-
tron-hole mobility and lifetime (Qin et al., 2007).

When near-violet light illuminates on surface of a PLZT wafer
with 0-1 polarization, the induced field strength E;; is uniform
along thickness direction because of the same electrical potential
at the left or right electrode shown in Fig. 1(a). Therefore, the
photo-induced strain in this type of PLZT wafer is uniformly dis-
tributed through the thickness. A comparison of formulas for the
electrical performance and mechanical strains of PLZT actuators
with 0-1 and 0-3 polarization is given in Table 2.

In Table 2, formulas for 0-1 polarized PLZT actuators are taken
from Poosanaas-Burke et al. (1998), in which L, and w, are PLZT
length and width. Due to light intensity attenuation with the light
penetration depth by Beer’s law, photocurrent density decreases
with light penetration depth but the field strength is uniform
through the thickness of a 0-1 polarized PLZT wafer, whilst in a
0-3 polarized PLZT wafer, photocurrent density is the same
through the current path (thickness) but the field strength de-
creases with light penetration depth. It is noted that the photovol-
taic voltage normally exceeds the energy gap (Eg) of PLZT materials
by several orders of magnitude (Fridkin, 1979; Poosanaas-Burke
et al., 1998).

2.3. Voltage source model, nonlinear features

In a process of electrical field generation caused by light illumi-
nation on PLZT materials, part of optical energy is converted to
electrical energy. The photo-induced electrical field in a dielectric
material has a nonlinear response, and the polarization is given
by (Fridkin, 1979; Poosanaas-Burke et al., 2000):

P=y, (X“)Eop €os Wopt + ¥ ?'E}, cos? wopt> (12)
where w,, is the light frequency; y, is a permittivity in vacuum; E,,

is the photo-induced field strength; ¥V and y® are the 1st and 2nd
order susceptibilities.

Table 2
Photo-responsive features of PLZT wafers with 0-1 and 0-3 polarizations.

Polarization  Poling in 0-1 direction Poling in 0-3 direction

Light l,e~ %
intensity
I(zq)
Photocurrent  kjol,e~ %
density
]ph
Photocurrent iy; = kylo(1 — e=*H)
iph
Photo LakqIo(1 — eH) _ ks
voltage V1175, [icaH + repnlo(1 — e-*H) /o] Ve =
a|vd phlo pl
Vph
Electrical kilo(1 — e=*H)
field 6 So [KaH + Kpnlo (1 — e=#H) /o]
a|Rd phio
strength
Photo-
induced
strain

l,e~%
kyod, e~
i35 = ksolpeH

Kq + Kpnlo
Kq + Kpploe™H

ksol, e~

Ey3 =
3 Kq + Kpploe=2

&i = diiEn (1=1,2,3) &i = dsiE33 (1=1,2,3)
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In dielectrics, a local electrical field is different from a macro-
scopic one as an additional field appears in polarized dielectrics
due to the polarization charges. By using the Lorentz relation for
ferroelectric materials, a local field in dielectrics can be expressed
as (Fridkin, 1979; Poosanaas-Burke et al., 2000):

yP
Ejoc = Emnac + 3’)7 = Ep COS Wgpt 4% (}(“)Eop COS Wgpt + X<2)E§p os® Wy t)
0

(13)

where Enq is the macroscopic electrical field and ) is the Lorentz
factor. The average local electrical field can be found by integrating
equation (13) in one wavelength of light wave.

When coherent light illuminates a PLZT wafer with 0-1 polari-
zation, the local average field strength Eq; is given by (Fridkin,
1979; Poosanaas-Burke et al., 2000):

(2) (2
) s X
Evy = Eioe = “ g~ Egp = "6l (14)
where y is the Lorentz factor; I, is the light intensity; }((12’ is the 2nd
order susceptibility component in 0-1 direction.

The field strength induced in PLZT with 0-3 polarization can be
obtained similarly as follows:

_ (2) nyay(2) nyn (2)10
Ess = Eic(zq) = ”f; B2 (z4) =1 ’f; Iop(24) = //%e’”d (15)

where y$’ the 2" order susceptibility component in 0-3 direction.
Eq. (15) is the photo-induced field strength derived using the linear
voltage source model.

In order to achieve sufficiently photovoltaic field strength,
strong light intensity is required and a high pressure mercury lamp
is normally used (Poosanaas-Burke et al., 1998; Ichiki et al., 2004;
Yao et al., 2005). When a high pressure mercury lamp is used as
light source, incident light is incoherent. Incoherent light causes
nonlinear photovoltaic effect and the effective field strength
should be modified as (Fridkin, 1979; Poosanaas-Burke et al.,
2000):

Eioc = 171 *(Egy)” (16)

where c; is a constant and g is a parameter expressing the depres-
sion effect.

By replacing variable Eﬁp with light intensity I,, and considering
the field strength variation through the thickness of a PLZT wafer
with 0-3 polarization, the DC field strength at z; and the electrical
potential between the upper and lower electrodes can be obtained:

@)1 \8
_ C I _
By = Ea = o2 o)V e 5 Vs = LDy 1y)

In Eq. (17), & = aB; ¢, is a constant; and Eg, is an effective DC field of
photo-induced charge carriers. Eq. (17) denotes the photo-induced
field strength and voltage based on the nonlinear voltage source
model.

By comparing Eq. (15) with (10), exponential attenuation of
photo-induced field strength and strain are obtained by the pres-
ent simplified formulation and the linear voltage source model,
and the photo-induced strain is linearly related to light intensity.
By comparing Eq. (17) with Egs. (6)-(8), nonlinearity of the
photo-induced field strength and strain are reflected in the present
model and the nonlinear voltage source model but the formulas gi-
ven in Egs. 17 and (6)-(8) are different. In the subsequent formu-
lations, Eqgs. (7)-(10) derived from the basic photovoltaic
equations will be mainly used.

3. Constitutive equations of 0-3 polarized PLZT actuators
3.1. Energy transformation of light illumination on PLZT

The photostrictive phenomenon includes complicated processes
of energy transformation (Fukuda et al., 1995; Shih and Tzou,
2000): (1) photovoltaic effect generating electrical field, (2) opto-
thermic effect causing temperature increase, (3) pyroelectric effect
producing electrical field due to heat, (4) converse piezoelectric ef-
fect inducing mechanical strain sourced by photovoltaic and pyro-
electric fields, and (5) thermal expansion resulting in mechanical
strain. Therefore, mechanical deformation induced by light illumi-
nation in PLZT materials includes piezoelectric and thermal strains.

When exposed to light, PLZT materials will be heated up by
light irradiation. This process is called an optothermic effect, in
which optical energy is partly converted to thermal energy that in-
creases temperature of PLZT materials. The temperature increase
results in thermal expansion, in which heat energy transfers into
mechanical energy. The thermal strain (&r); in a PLZT wafer is gi-
ven by:

()i = (o) AT (i=1,2,3) (18)

where (o7); are thermal expansion coefficients and AT is a temper-
ature increment. As PLZT ceramics are heat conductors, it can be as-
sumed that temperature is the same within the PLZT material, and
thus the thermal strain component is a constant in a PLZT wafers.

When temperature in the PLZT material increases to a specific
point, an additional electrical field Er will be triggered. In this pro-
cess, thermal energy is converted to electric energy and it is re-
ferred to as pyroelectricity. The additional electrical field Er can
be defined as:

Py
Er = (/(])>T (T > Tiig) (19)

L3

where P, is the pyroelectric constant; }((3” is the 1st order permittiv-

ity component in 0-3 direction; T is the temperature in a PLZT wafer
and Ty is a specific temperature to trigger the pyroelectric effect. It
is noted that Eq. (19) is obtained for PLZT actuators with 0-3 polar-
ization by using the definitions in Fukuda et al. (1995) and Shih and
Tzou (2000) for PLZT actuators with 0-1 polarization.

Due to the converse piezoelectric effect, additional strain will be
generated by the pyroelectric field strength Er. Since the tempera-
ture in a heat conductor is the same, the electrical field Er will not
vary with light penetration depth and thus this stain is constant
through the thickness. The heat triggers the pyroelectric effect
and then enhances the photo-induced electrical field. However,
heat interferes with photodeformation process, which reduces
the photo effect when PLZT wafer’s temperature becomes higher.
By taking into consideration these effects, nonlinear constitutive
equations will be developed in the subsequent section.

3.2. Nonlinear constitutive equations

As discussed in Section 3.1, the total strain in PLZT wafers with
0-3 polarization induced by light illumination can be expressed as:
&ii = dsi(Epn + Er) + (1) AT

o d3i1<3d10€7ﬂd <d3ipn

T Kg + Kpnloe— 7D

T+ (OCT)iiAT> (i=1,2,3) (20)

Eq. (20) can be rewritten in the following compact form:
&ii(2q) = &oiif (za) + (er); (i=1,2,3) (21)

where
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o d3,’k30€[0 . - e %
oil =~ f(za) = W
ds;P .
(en)i = TT + (o) AT (i=1,2,3) (22)
3

Because only steady state is considered here, the time dependent
strain and the voltage leakage influence (Fukuda et al., 1995; Shih
and Tzou, 2000; Sun and Tong, 2007) are not involved. With an in-
crease of illumination time, steady state will be reached and then
photovoltaic field strength will become saturated.

By using Eq. (20), linear constitutive equations of 0-3 polarized
PLZT ceramics are readily obtained. It has been known that ferro-
electric ceramics exhibit increasingly nonlinear properties with
stronger electrical field. Under strong light illumination, high field
strength will be induced and thus nonlinear characteristics of PLZT
materials should be considered (Dimos et al.,, 1994; Poosanaas-
Burke et al., 2000; Ichiki et al., 2004). The nonlinearities of ferro-
electric ceramics are described by a hysteresis loop of electrical
polarization and a butterfly loop of mechanical strain.

To model a hysteresis loop of the electrical polarization and a
butterfly loop of the mechanical strain of ferroelectric materials,
three different methods have been used (Klinkel, 2006; Kim and
Seelecke, 2007; Hegewald et al., 2008): a macro model based on
thermodynamics, a micro-model based on micro-mechanics and
a mathematical model containing some operators to describe the
hysteresis loop of electrical polarization and the butterfly loop of
mechanical strain.

In studying nonlinear properties of ferroelectric ceramics, an
initial step taken by many researchers is to utilizing concepts of
irreversible strain and polarization and then iterative algorithm
is developed (Landis, 2004; Klinkel, 2006; Hegewald et al., 2008).

Dimos et al. (1994) discussed photo-induced hysteresis changes
in PLZT thin films. Under strong light illumination, high filed
strength E3; will be generated in 0-3 polarized PLZT ceramics. It
is known that the high electric field in ferroelectric materials
causes polarization switching and then the remanent polarization
and strain develop. In light of investigations of Landis (2004),
Klinkel (2006) and Hegewald et al. (2008), the polarization switch-
ing criterion of PLZT subjected to light illumination and mechanical
loading can be expressed as:

{s}'{Ag} + {E}"{AP} > 2P°E, (23)

where {Ag} and {AP} are increments in strain and polarization dur-
ing polarization switching; P’is the spontaneous polarization; E. is
the coercive field strength. During polarization switching, the non-
linear constitutive equations for 0-3 polarized PLZT materials can be
written as:

{ {&} = [s|{o} + {&r} + [d{E} + {&"} (24)
{D} = [ {o} + [{{E} + {P"}

where {¢"} and {P"}are the macroscopic remanent strain and polar-
ization, which are irreversible. In Egs. (23) and (24), {¢} and {s} are
strain and stress vectors; {&r}(= {er, ér,r,0,0,0}") is the thermal
strain vector; {E}(={0,0,Es3}") is the field strength vector and
Es3 is given in Eq. (6); {D}(= {0,0,Ds3}") is the electrical displace-
ment vector; [s],[d] and [y] denote compliance, piezoelectric and
dielectric permittivity.

In the subsequent section, we will present numerical results to
verify the present model for the 0-3 polarized wafer expressed in
Eqgs. (8)-(11). Investigation into applications of the constitutive
equations shown in Eq. (24) will be limited to the linear analysis
in this paper as we lack data of the spontaneous polarization and
the coercive strength for the 0-3 polarized PLZT ceramics.

4. Numerical results and model validation
4.1. Photovoltaic current

Qin et al. (2007) studied the effect of thickness on photocurrent
of PLZT wafers with 0-3 polarization. They derived a photocurrent
formula expressed in terms of wafer thickness by using the conti-
nuity equations of photocharge carriers, and then measured photo-
currents of the PLZT wafers. By using the present formula in Eq.
(11), photocurrent is; can be calculated if k; can be determined.

In the experiment conducted by Qin et al. (2007), the material
was PLZT 3/52/48. Its light absorption coefficient and surface trans-
mittance are o = 2 um~' and o = 0.6, respectively. In their exper-
iment, Qin et al. (2007) reported nine values of the photocurrent
corresponding to different thicknesses (0.26, 0.54 and 1.05 um)
and light intensities (0.22, 0.40 and 0.60 mW/cm?). By using the
experiment data in Fig. 5 of Qin et al. (2007), the photovoltaic coef-
ficient k can be determined. In the present calculation, all nine
experiment data in Fig. 5 of Qin et al. (2007) are used to calculate
ks and their average is adopted to calculate the photocurrent using
Eq. (11).

Photocurrents versus PLZT wafer thickness predicted and mea-
sured by Qin et al. (2007) (data are taken from Fig. 5) and predicted
by the present Eq. (11) are shown in Fig. 3(a),3(b),3(c). The numer-
ical comparisons shown in Fig. 3(a),3(b),3(c) indicate that the
photocurrent predicted by the present simplified formulation
correlates well with those predicted and measured by Qin et al.
(2007).

Ichiki et al. (2005) studied photovoltaic effect of PLZT wafers
with 0-3 polarization. They measured photovoltaic current and
voltage under light illumination with different intensities. In their
experiment, the PLZT wafer size was 10.0 x 10.0 x 0.004 mm? and
the material was PLZT 3/52/48. The light absorption coefficient and
the surface transmittance were not given in Ichiki et al. (2004,
2005). As the material composition (PLZT 3/52/48) in Ichiki et al.
(2004, 2005) is the same as that in Qin et al. (2007), & =2 pm™!
and os = 0.6 will be used in the present photocurrent calculation.

The nine data given in Fig. 6(a) of Ichiki et al. (2005) are used to
calculate k; and the average value of k; is adopted in the prediction
of the photocurrent. The photocurrents predicted by the present
formula in Eq. (11) and measured by Ichiki et al. (2005) are plotted
in Fig. 4. The observed good correlation validates Eq. (11). It is
noted that Eq. (11) is a simplified equation from the formulation
in Qin et al. (2007), and the photocurrent coefficient k; in Eq.
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Fig. 3(a). Photovoltaic current vs. thickness predicted by Qin et al. (2007) and
present Eq. (11) (I; = 0.22 mW/cm?).
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Fig. 3(b). Photovoltaic current vs. thickness predicted by Qin et al. (2007) and
present Eq. (11) (I; = 0.40 mW/cm?).
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Fig. 3(c). Photovoltaic current vs. thickness predicted by Qin et al. (2007) and
present Eq. (11) (I; = 0.60 mW/cm?).
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Fig. 4. Photovoltaic current measured by Ichiki et al. (2005) and predicted by
present Eq. (11).

(11)is related to a number of factors such as temperature and elec-
tron-hole lifetime as indicated in Section 3. Ichiki et al. (2005) ob-
served that the photocurrent was linearly proportional to the

incident light intensity approximately. This fact is also supported
by Eq. (11) and Fig. 4.

4.2. Photovoltaic voltage

The nonlinearity in the relationship between photovoltaic volt-
age and light intensity can be seen from Fig. 6(b) in Ichiki et al.
(2005). To verify Eq. (9), we use Eq. (8) to calculate photovoltaic
voltage in a PLZT wafer with 0-3 polarization and then compare
with the experimental data reported in Ichiki et al. (2005).

To calculate the photovaltage using Eq. (8), we need to deter-
mine the relevant parameters. Ichiki et al. (2004) measured dark
and photo conductivities of PLZT 3/52/48: K, =8.8 x 107'° S/m
and K,, = 6.3 x 107" Qm/W. As the same material was used in
Ichiki et al. (2004) and Ichiki et al. (2005), these values will be used
here. Also, o = 2 pm~' and o, = 0.6 are used in the present photo-
voltaic prediction.

The photocurrent density coefficient k3 can be calibrated using
the experimental data in Ichiki et al. (2005). The nine data in
Fig. 6(b) of Ichiki et al. (2005) and Eq. (8) are used to calculate k3
and its average value, as listed in Table 3. By referring to Table 3,
ks at I; = 10 mW/cm? is obviously larger than that corresponding
to other light intensities. This datum is still used in the average
to have a comparison with all experimental data as light illumina-
tion on PLZT materials involves a complex energy transformation
process as discussed in Fukuda et al. (1995) and Shih and Tzou
(2000). The photovoltaic voltages predicted by Eq. (8) and mea-
sured by Ichiki et al. (2005) are illustrated in Fig. 5; it indicates that
the present Eq. (8) can be used to predict approximately the pho-
tovoltaic voltage.

The photo voltage predicted by Eq. (17) is also given in Fig. 5. In
the present calculation, the photo voltage in Eq. (17) is rewritten
as: Vi3 = k3v(10)ﬁ(1 —e ), The depression coefficient was given
in Poosanaas-Burke et al. (2000) for PLZT 3/52/48 with 0-1 polari-
zation: B = 0.46. It is assumed this value is valid for the PLZT 3/52/
48 with 0-3 polarization. Also, the 9 measured data reported in
Ichiki et al. (2005) are used to calculate k3y and the average is used
to predict the photovoltaic voltage. Fig. 5 shows that the voltage
predicted by Eq. (17) based on the nonlinear voltage source model
correlates with the measured data (Ichiki et al., 2005) slightly bet-
ter than that predicted by Eq. (8) derived from the basic photovol-
taic equations.

In Fig. 5, the photovoltaic voltage predicted by Eq. (10) is given
in a range of 0—30 mW/cm?, in which ks is calibrated using the
voltage at I; = 25 mW/cm?. Fig. 5 indicates that the simplified for-
mulation in Eq. (10) is applicable for low light intensity, e.g.,
I; < 20 mW/cm?. It is noted that I; > 20 mW/cm? represents very
strong light illumination according to the experiments conducted
by Poosanaas-Burke et al. (1998, 2000), Ichiki et al. (2004, 2005),
Yao et al. (2005) and Qin et al. (2007).

The light absorption coefficient is an important parameter in
studying light transmission in solid. «=0.0252 um~' and
o =2 um-! are given in Poosanaas-Burke et al. (1998) for the 0-1
polarization and in Qin et al. (2007) for the 0-3 polarization,
respectively. In the measurement in Ichiki et al. (2004, 2005), the
light absorption coefficient was not involved. Fig. 6 illustrates the
photovoltaic voltage predicted by the present formula in Eq. (8)
by using different o values to further verify the present
formulation.

Figs. 5 and 6 confirm the validity of Eq. (8). It is noted that Eqs.
(8) and (9) are derived from Eq. (6), and only equations of an elec-
trical field and converse piezoelectricity are used in the derivation.
Therefore, the photo-induced strain given in Eq. (9) reasonably
captures basic mechanical performance of 0-3 polarized PLZT actu-
ators subjected to light illumination.
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Table 3
Calculation of the photocurrent density coefficient ks.
I; (mW/cm?) 10 25 50 65 100 115 135 150
k3(><]0’12) 6.81 4.12 3.29 3.15 3.05 3.01 2.87 2.74 2.71 3.53 (Average)
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é ;1 Fig. 7. (a) Light illumination on surface of a PLZT wafer with 0-3 polarization and
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Fig. 5. Photovoltaic voltage measured by Ichiki et al. (2005) and predicted by the
present formulations.
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Fig. 6. Photovoltaic voltage measured by Ichiki et al. (2005) and predicted by
present Eq. (8) for different values of the light absorption coefficient.

4.3. Applications of PLZT actuators in intelligent structures

Since the photo-induced strain in a PLZT wafer with 0-3 polar-
ization varies with light penetration depth, it can be used as a
unimorph or photocantilever. When this material is deposited on
a substrate, this layered beam driven by light illumination can be
used as a bimorph. When PLZT wafers are mounted on a host
beam, they can be used actuators in an intelligent beam structure.
These configurations have been widely used in MEMS/MOMS and
intelligent structures. Therefore, their formulations have important
applications and the closed form solutions will be given here.

As shown in Fig. 7(a), the stress—strain relation in linear analysis
can be written as:

0x(2) = E6x(2) — &1 — £of (2)] where f(2)
e—oc(H/Z—z)

= T (gl fFea)e A2 @)

plane strain state, where E and v are Young’s modulus and Poisson’s
ratio. When the classical beam theory is used to model a unimorph
in Fig. 7(b), axial force N and bending moment M in the unimorph
cross-section are:

B E'e,Kkq4
UKpnlo
M=-2—Feé ff/,fzf(z)zdz

Ka+ Kphlo
K4 + Kpploe™*H (26)

N=EH(g —ér)

where D is the bending stiffness; H is the height of the unimorph. It
is noted that the unit width has been assumed in Eq. (26) and this
assumption will also be used in the subsequent discussions. The
integration on f(z)z results in a polylogarithmic function, which is
not expanded in Eq. (26) to have a clear expression.

By using Eq. (26), strain ¢. and curvature (1/p,) can be solved
when there is no mechanical loading. After the curvature is found,
the tip deflection, a primary parameter of a unimorph under light
illumination, is readily obtained.

In a bimorph of Fig. 8(a), temperature in an inactive layer may
also increase under light illumination. Strain ¢, in an inactive layer
caused by thermal expansion is normally unequal to the thermal
strain &r in a PLZT layer due to the difference in thermal expan-
sion coefficients. The stress-strain relationship for a bimorph of
Fig. 8(a) can be written as:

oo — Eyl(ec —&n) —2/p] —(th+16p)/2 <z < (th —1p)/2
T BlEe —er) —z/pe —&of ()] (th —t)/2 <z < (th +t)/2
(27)

where t, and t, are thicknesses of PLZT and inactive layers; E, and
E, are their effective elastic moduli; and ¢, is the thermal strain
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Fig. 8. (a) Bimorph driven by light illumination and (b) equivalent force compo-
nents in a host beam mounted with the PLZT photo-actuator.
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caused by temperature variation in an inactive layer. Using Eq. (27),
one has:

E'ex Kd+ Kpnl
_ v v 1 (g v - _r _ od d phlo
(th—tp)/2
M= (E;,Sh +E;,5P>sf -1 (E;Ih +E;,1,,) —E}Snén —E)Spép — E'tc / f(2)zdz
¢ (th—tp)/2
(28)

where, S, and S, are area moments with respect to the mid-plane; I,
and I, are the inertial moments; subscripts h and p represent the
host layer and the PLZT respectively. When there is no applied force,
the photo-induced train, curvature and tip-deflection of the bimo-
rph are solved from Eq. (28).

A host beam with bonded actuators and sensors has been
widely adopted as an important configuration in intelligent struc-
tural systems. When the host beam is mounted with PLZT wafers
with 0-1 polarization, the induced strain is uniformly distributed
through the thickness of PLZT. The host beam with this type of
actuation is similar to the PZT based intelligent beam, which have
been extensively studied in the past decades. In the host beam
mounted with PLZT actuators with 0-3 polarization, the photo-in-
duced strain varies with light penetration depth. In this case, the
stress—strain relationship is the same as that in Eq. (27).

It is assumed the host beam and the PLZT patch are perfectly
joined and the interface is sufficiently thin and can be ignored.
Fig. 8(a) illustrates a host beam mounted with a PLZT actuator with
0-3 polarization, the equivalent forces activated at cross-sections I-
I and II-11 of the host beam by light illumination are of importance
and their formulations are given below.

Referring to Fig. 8(b) and using the constitutive equations based
on the classical beam theory, we have:

e N P ___ B Eihc.
Ene = &+ 2[)07 Neq = Ehthghc-, Meq = P — tp/Z ~ e 3
£
Ine = 2 (29)

When there is no mechanical force, the following equilibrium equa-
tions can be derived by utilizing Egs. (27) and (29):

6rap(1+r1¢)

(1+T0)Neg + Meq — Eptyén — Eptper + Npp = 0

th
2 — 1)Neg + (1 + 3o + 312 + 17y)Meq — Eptuen — Eptyér + My = 0
(30)
where
b, zp:_;’~ Nh:_E/‘%Kd Ka+ Kpnlo
t th ’ E;I ’ )4 O(Kphlo Kq + K:phloe—attp ’
(th—tp)/2
My = —E’sc/ f(2)zdz (31)
(th=tp)/2

The equivalent force components N, and M., can then be solved
from Eq. (31).

It is readily shown that, when the simplified photo-strain in Eq.
(10) is used, tip deflection of the unimorph found via Eq. (26) cor-
relates with that derived by Guo et al. (2007) for the silicon micro-
cantilever. As Eq. (27) can be applied to a PLZT bimorph and a host
beam with PLZT actuators, we only present the numerical compar-
ison for the cantilever beam with the bonded PLZT patch.

Shih et al. (2005) discussed displacement control of a beam
using optical actuators. The used optical actuators were 0-1 polar-
ized PLZT wafers. In this type of PLZT actuators, the stress—strain
relation is:

th+t th—t,
E;l(scfplc) —h Lz
Oy = (32)

! _ oz _ th—tp th+tp
E, <ac o 85> P Lz <At

where & is the photo induced strain in a PLZT actuator and it is de-
fined as (Shih et al., 2005):

& = d]1 (Ep/—, + ET) + ot AT (33)
where E,;, and Er is the photovoltaic field strength and the filed
strength Er is due to the pyroelectric effect.

Fig. 9 is a cantilever beam mounted with a PLZT actuator used in
Shih et al. (2005). They calculated deflections of the host beam
using finite element analysis (FEA) and an analytical method. In
the analytical analysis, they derived the equivalent bending mo-
ment M, and then used the classic beam theory to calculate beam
deflections. The derived M., was:

tyh + fp (1 + rt)thtpE;ss
2 2

The cantilever deflections predicted by Shih et al. (2005) are shown
in Fig. 10, in which the data are taken from Fig. 6 in Shih et al.
(2005). Plane stress was considered in Shih et al. (2005); hence
E, = E; and E, = E,. Details of the input data can be referred to Shih
et al. (2005) and those used in the present calculation are:
E, =63 x 10" N/m?,E, = 2.1 x 10" N/m?,t;, = 2 mm,l, = 0.1 m,
c=0.2m, L=1.0m; the PLZT actuator size: 200 x 30 x 0.3 mm?>.
In light of the input data in Shih et al. (2005), the photo-induced
strain is: & = 130.4 pe.

The present formulation of the equivalent bending moment for
this case can be obtained from Eq. (30), which is given by:

Meq = tpE;;,Ss = (34)

X2

poling direction

«-

Fig. 9. Schematics of the cantilever with surface mounted with a PLZT actuator.
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Fig. 10. The photo-induced deflection of the cantilever predicted by Shih et al.
(2005) (analytical formulation and FEA) and the present formulation.
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Mey = (1 Jrzr[)Eptpt,,sS i (35)
2[(1 —r2y)* +4rp(1 + 1)
which is different from Eq. (34) derived by Shih et al. (2005).

The deflection of a cantilever in Fig. 9 can be calculated when
the equivalent bending moment is determined. The deflection pre-
dicted by the present formulation is illustrated in Fig. 10. It is seen
from Fig. 10 that the deflection predicted by the present solution
correlates well with the FEA results in Shih et al. (2005).

5. Conclusion

The photo-induced electrical field strength in Eq. (6) is derived
from the basic photovoltaic equations for 0-3 polarized PLZT actu-
ators. Novel formulation of the photo-induced strain in Eq. (9) is
obtained by superposing the photovoltaic and the converse piezo-
electric effects. The features of the photo-induced strain in 0-3
polarized PLZT actuators are investigated. The photovoltaic voltage
and current are also formulated and validated by comparing with
experimental data in the literature. These comparisons confirm
the present formulations for the photo-induced electrical field
strength and strain.

On the basis of the new formulation of the photo-induced strain
in PLZT actuators with 0-3 polarization, linear and nonlinear con-
stitutive equations are developed. For the case of linear constitu-
tive equations, analytical analyses for a unimorph, bimorph and
host beam mounted PLZT actuators are presented; the closed-form
solutions of tip deflections for a unimorph and bimorph and equiv-
alent forces for an intelligent beam are obtained. The numerical re-
sults show that the present analytical solutions for an intelligent
beam are valid and accurate.
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