Chin. Phys. B Vol. 20, No. 3 (2011) 037802

Electric field-induced stress—birefringence in
layered composites PbZr;_,Ti,O3/Polycarbonate*

Li Xiang-Yang(Z:[a]H), Zhang Ning(5k 7*)7, Luo Xiao-Bin(¥' /M),
Wang Wei( £ %), Wu Dong(*& #:), and Gao Jian-Sen(/m&I#k)

Magnetoelectronic Laboratory, Nanjing Normal University, Nanjing 210097, China

(Received 29 May 2010; revised manuscript received 25 July 2010)

Electro—optical composites based on the product of electro—strictive and elasto—optical effects are developed. Lay-

ered composites of PbZr;_,TizO3 and polycarbonate are synthesised. Their electro—optical properties are studied.

The nominal transverse electro—optical coefficient of the composite is observed to be about 3.6 times larger than that

of LiNbO3. Experiments and theoretical analyses show that the electro—optical effect of the composite has a strong

‘size effect’. With the ratio of thickness/length decreasing or the width of elasto—optical phase increasing, the half-wave

electric field intensity increases but the transverse electro—optical coefficient decreases for the layered composite.
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1. Introduction

Electro-optical (E-O) materials have attracted
continuous attention due to their wide applications
in E-O devices, such as E-O modulators, deflectors
and optical bistable devices.! Generally, there are
two kinds of single-phase E-O materials, inorganic
materials and polymers. Lithium niobate (LiNbOs3)
is the most important inorganic E-O materiall?! for
its larger E-O coeflicients, better optical homogeneity,
and a transmissivity reaching 95% with wavelength
ranging from 420 to 5200 nm. LiTaO3 and BaTiOg3 be-
long to the same kinds of E-O mediums as LiNbO3.%!
GaAs, ZnS and CdTe are E-O materials used in in-
frared waveband.! Bi;5SiOs and BijsGeOsq are used
in short waveband.l®! The realization of passive op-
tical components in silicon in recent years/™8! is big
progress in the study of E-O materials due to the fact
that electronic and optical functionalities can be inte-
grated into monolithic components based on the ver-
satile silicon platform. Furthermore, a significant lin-
ear electro—optic effect induced by breaking the crystal
symmetry in the silicon through depositing a straining
layer on the top of a silicon waveguide was recently dis-
covered, making it possible to realize a silicon electro—
optic modulator.[?) However, inorganic E-O materials
are inconvenient and expensive to be used on a large
scale because of their brittleness and poor machining

properties.!10-11]
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Although polymer materials display fast elec-
tronic response and good machining property, there
is still a lot of work to do in reducing their optical loss
and improving the stability of photochemistry and ori-
entation polarization at high temperature.

There are reports on realizing the optical modu-
lation of phase in the optical fibres coated with ferro-
electric through electric field, suggesting a new type of
E-O material composed of combining electro—strictive

and elasto—optical materials.['2:13]

Elasto—optical sub-
stances are those that are capable of displaying stress-
birefringence effect. When the polarized light passes
through these materials subjected to stress, the light
separates into two light beams, i.e., ordinary beam
and extraordinary beam, traveling at different veloci-
ties, which are each oriented parallel to the direction
of principal stress, but perpendicular to each other,
resulting in two different indices of refraction, which
vary each as a function of the stress applied.['415]
Since there are various types of electro—strictive and
elasto—optical materials to choose, different kinds of
E-O composites can be fabricated to satisfy various
applications in E-O devices. Meanwhile, this kind of
E—-O composite is easy to prepare and cheap to obtain.

Different from the physical mechanism of single-
phase E-O materials, the physical mechanism of the
E-O composite originates from the product effect of
electro—strain and elasto—optical effects. Under an

applied electric field, the mechanical deformation of
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the electro—strain phase is coupled to the elasto—
optical one through their interface, thereby chang-
ing the refractive index of elasto—optical phase. Evi-
dently, the E-O properties of the composites rely on
those of the elasto—optical and electrostrictive ma-
terials involved. Thus, electrostrictive and elasto—
optical materials with excellent properties, respec-
tively, should be needed to compose fine E-O com-
posites. Pb(Zr,Ti;_,)03 (PZT), BaTiO3 crystal or
PVDF film with large electrostrictive coefficients can
be used as the electro-strain phase.l'®'7l Epoxy resin,
polycarbonate, polyurethane and fused silica possess-
ing higher optical sensitivities can be considered as
the elasto—optical one.['8! In the present work, layered
composites Pb(Zr,Ti;_, )O3 / polycarbonate are syn-
thesised and their E-O effects are studied.

2. Representation of elasto—opti-

cal natures of polycarbonate

Polycarbonate (PC) is a thermoplastic polymer.
It has a high transparency, optical isotropy, no natu-
ral birefringence, and it is often used in the study of
photoelasticity due to its very strong effect of stress-
birefringence and very small optical and mechanical

creeps at room temperature.[lg’zl]

However, it is nec-
essary to study its elasto—optical natures further be-
fore using it as the elasto—optical phase in an E-O
composite.

The commercial PC plates with different thick-
nesses were used in this study and cut into strips of
10 mm in length (dy), 1.8 mm in thickness (d3) and
different widths (d3) corresponding to the thickness
of the PC plates. For relieving the possible residual
stress induced in the primary manufacturing process,
all the PC samples were annealed by heating to 158 °C
prior to use, and maintaining the temperature for 2 h,
then cooling down to 140 °C at a rate of 5 °C/h, and
finally the furnace cooled down to the ambient tem-
perature.

Test of light absorption shows that the PC is al-
most transparent throughout the region of visible light
but blocks all ultraviolet lights. Its absorbance (Abs)
decreases slowly with the increase of wavelength A,
and it has a sharp peak of absorption appearing at
about A = 676 nm. For a PC sample of 4.5 mm in
thickness, the Abs decreases from 0.084 at A = 440 nm
to about 0.050 at A = 780 nm. The peak value of Abs
is about 0.117.

Elasto—optical tests for the PC strips with differ-
ent values of width dy were performed, where a com-
pressive stress ¢ was supplied by a spring scale and
perpendicular to the direction of the laser beam (He—
Ne laser, A = 632.8 nm), as shown in the inset of
Fig. 1. For a birefringence material, the phase differ-
ence between the ordinary (o) and extraordinary (e)
light beams is known as retardation §, which is given
as

0 = 2medo /A, (1)

where o is the difference between principal stresses,
d = ds is the distance that the beam passed through
the PC, and c¢ is the stress—optical constant, which
can indicate the stress—optical sensitivity of an elasto—
optical material.'9) The stress that induces a retar-
dation of 7 is often called half-wave stress o.. The
half-wave stress as a function of width ds is shown
in Fig. 1. It is found that the half-wave stress con-
tinuously decreases with width increasing, and the
data (the solid points) can be fitted to an inversely-
proportional curve. This behaviour is in accordance
with the prediction of Eq. (1). In fact, taking the re-
tardation as m and the stress as o, can yield a simple
relation o, = A\/2edy from Eq. (1).
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Fig. 1. Half-wave stress as a function of width (the dis-
tance that the beam passes) for the PC used.

3. Characterization of E-O com-

posites

Pb(Zr,Ti;_,)O03(PZT) as a piezoelectric ceramic
of binary ferroelectric system is important due to its
superior dielectric, piezoelectric, and electromechani-
cal coupling coefficients and high performance in ap-
plications of actuators and transducers. Commer-
cial PZT-5 (PbZr 5Tip.503) plate with a thickness of
0.8 mm, a piezoelectric coefficient ds; = 178 pm/V
and orientation in the direction of thickness was em-
ployed. The PZT plate was cut into strips each with
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a length of 11 mm and width corresponding to the
width of the PC strip used, then bonded to PC strips
with super glue to form layered composite. The length
of PZT was 1 mm longer than that of PC for making
electrodes.

We first study the E-O effect of bi-layer compos-
ite PZT/PC. It is found that the E-O effect obviously
weakens with the increase of the distance between the
incident point of the beam and the bonding interface.
The smaller elastic modulus of PC may be responsi-
ble for the behaviour, suggesting a large stress gradi-
ent along the direction of the thickness when the PC
is subjected to stress by PZT (see later). The stress

gradient can be expected to decrease by reducing the
thickness of PC and adopting a tri-layer structure
PZT/PC/PZT. So the study focuses mainly on the E-
O coupling of the tri-layer composite. The schematic
diagram and geometric arrangement of measurement
is shown in Fig. 2, where P; and P» are two polar-
izers, of which the polarizing axes are perpendicular
to each other, I1 and Iy are the incident and excident
light beams, respectively. Polarities of the two PZTs
are parallel. The electric field on PZT is along the
direction of thickness (h3). Tri-layer composites with
the same length (dy) of 10 mm, and different values of
width (ds) and thickness (d3) were prepared.
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d
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Fig. 2. Schematic diagrams of tri-layer composite and geometrical arrangement for E-O measurement.

4. Experimental results and dis-

cussion

Defining I5 /I3 max as normalized excident light in-
tensity (NELI), where Ismax is the maximum value
of the excident light. Figure 3 shows the NELIs
each as a function of electric field for the tri-layer
PZT/PC/PZT composites with different widths while
the PC layer thickness is fixed at 1.8 mm. The mea-
surement was performed in a static way, where the
electric field was varied slowly.

Firstly, the electric field dependent NELI shows a
characteristic very similar to that of electric hystere-
sis loop when the width of PC is 3 mm. This nature
that is obviously related to the electric hysteresis of
PZT leads to two values of NELI corresponding to one
value of electric field. The practical value of NELI re-
lies on the initial condition of PZT. Secondly, with the
width of the tri-layer increasing, the E-O curves re-
veal a combined effect of the electric hysteresis of PZT
and the stress-birefringence effect of PC. Defining the

electric field intensity that induces a phase difference
7 between o and e light beams as half-wave-field in-
tensity E(= V/hs, V is the voltage applied on PZT),
it follows from Fig. 3 that the E, evidently decreases
with dy increasing. This result is coincident with that
observed in the elasto—optical test (Fig. 1).

Next, it is necessary to have an observation of
the effect of the stress gradient along the thick di-
Figure 4 plots the E-O responses for the
tri-layer PZT/PC/PZTs which each have a PC layer

but their PC layer thicknesses are different from each

rection.

other, where the tri-layers are all 6 mm in width. It
can be seen, under the same electric field, the retarda-
tion increases with PC thickness d3 decreasing. The
present results can be explained only by the stress
gradient along the direction of thickness. Thus, the
layered composites display size effects not only along
the direction of width but also along the direction of

thickness.
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Fig. 3. Electric field dependences of the NELI for the lay-

ered composites with a thickness of 1.8 mm and different
widths of PC.

For a freebody bilayer structure, assuming that
elastic coupling in the interface is ideal, any flexural
deformation of the layer can be ignored, and the stress
is uniform throughout the thickness, from the con-
stitutive equation for the ferroelectric phase and the
stress—strain equation for the elasto—optical phase, one
can derive the stress near and parallel to the interface
as follows:

1

o d31E ~

1—v 1—'u

0=, ds1 F, (2)

—2s
v

where Y and p are the Young modulus and Pois-
son’s ratio of stress—optical phase, respectively, s is
the strain parallel to the interface in the PC, v and
dz1 are the volume fraction and the piezoelectric co-
efficient of the ferroelectric phase, respectively. The
symbol ‘=’ on the right-hand side of Eq. (2) is ob-
tained by considering 2s(1 — v)/v << (1 —u)/Y, in
general.
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Fig. 4. Electric field dependences of the NELI for the

layered composites with a width of 6 mm and different
thicknesses of PC.

Equation (2) may hold only in the case where
the stress is uniform throughout the thickness. How-
ever, the stress-gradient exists as mentioned above
when the stress is exerted along the surface(s) of
PC. According to the Saint—Venant’s principle in solid

(2] for a tri-layer structure in the present

mechanics,
case, assume that the stresses along the upper and
lower surfaces of PC are both the same (09), ds < 3dy,
and d3 — 1.5d; < z < 1.5dy, then the stress of each
point in PC (o,) and the distance z from the point on
which a stress og is exerted will satisfy the following

relation:

da —
0. = 0¢ cos> <7r321> + 0g cos? {(?)Z’)cllz)ﬂ] . (3)

For convenience, assuming the beam to pass through
the point z = d3/2, and considering Eq. (2), Eq. (3)
may be rewritten as

2Yd31E 2 <7T d3>
g = — COS .
IL—p

If o and e light beams direct to coordinate axes 1 and
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3, respectively, the retardation should be

4Cd27T Ydle o [ T d3
= cos ,
A 1l—p

)

which may be called E-O retardation here. The Half-
wave field intensity is an important parameter for rep-
resenting single-phase E-O materials and is given as
E. = )/ (2n3~d), where ng is the refractive index of an
E-O material at zero field, d = ds in the present case,
and + is the transverse E-O coefficient, that is, the
sensitivity of the E-O response under an applied elec-
tric field perpendicular to the beam. Taking é = m,
one can also obtain a half-wave field intensity for the
composite from Eq. (5) as

AL —p)
E, = .
T 4Cd2Yd31 COS2 (7Td3/6d1) (6)

Comparing Eq. (6) with the relation E, =
A/2n3~ydz, a nominal transverse E-O coefficient can
be achieved for the composite as follows:

2cY 2
. cY ds cos (77(133/6d1). (7)
(1= pnig

Taking A = 632.8 nm, and d3; = 175x 1072 m/V
for PZT,?3 ny = 1.584, Y = 2430 x 10° N/m?,
= 0.38, d3/d; = 0.2 and ¢ ~ 78.34. x 107'2 Pa~!
(corresponding to do = 6 mm) for PC,['”) where
c(~ 78.34 x 10712 £5%) Pa~! is obtained from Fig. 1
by using the experimental data. Equation (7) gives the
nominal transverse E-O coefficient v ~ 24.35 + 10%
(1072 mV~1!) in accordance with preparation tech-
nology for the composites. This value is about 3.6
times that of LiNbOjs (in static electric field voo =
6.8 x 10712 mV~—1).124 Equation (7) indicates that the
sensitivity of the E-O response depends not only on

the distance that the beam passes, ds, but also on the
ratio of thickness to length of the PC, ds/d;, showing
a ‘size effect’ as mentioned before. Simultaneously,
the nominal transverse E-O coefficient also relies on
the wavelength of the light and the parameters of ma-
terials involved besides the size effect.

Additionally, as an electro—optical modulator, it
is necessary to have an observation of its response
time to ac signals. For a tri-layer composite of 10 mm
X 6 mm X 2 mm in size, the initial test, which was
performed by using a function generator with a max-
imum frequency of 2 MHz, shows that the response
frequency of the layered composites is no less than
25 kHz. So the response time is not greater than 40 us.

The lower limit of the response time now is unknown.

5. Conclusion

Combining electro—strain material with elastoop-
tical medium can form an electrooptical composite
with electro-birefringence effect. The tri-later struc-
ture of PZT/PC/PZT may be a better structure for
exhibiting fine E-O effect. This composite displays a
strong ‘size effect’. For a composite with an appropri-
ate size of PC layer and the preparation technology, a
greater transverse electro—optical coefficient v, which
is about 3.6 times that of LiNbOgs, can be obtained.
The value of v can be expected to be enhanced when
the PC layer has a size of film, i.e., its length and
width are sufficiently large and thickness is as thin as
that of the film, which should be limited only by the
diameter of the beam, for an ideal layered composite
of PZT/PC/PZT.
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