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A two-beam polarization (TBP) interferometer with a reflection configuration for measuring the linear electro-
optic coefficient is described and investigated experimentally and theoretically. If is shown that a TBP interfer-
ometer can be used for measurmg the Pockels coefficient of thin film with a strong Fabry-Perot effect. The TEP
inlerferometer techmique is used to measure the effective differential linear electro-optic coefficient r=ry—(ny
n,)'r,, of lead zirconate titanate (PZT) thin flm. The results are in agreement with known data.
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L. Introduction

erroelectric thin filhns have received recent attention
[or applications such as microslectromechanical sys-
tems (MEMS), actuators, optical switches, and electroop-
tic modulators (EOM). For applications of thin films
determination of their parameters is of great Iimportance.

In the simple reflection technique proposed by Teng and
Man' as well as independently by

Schildkraut,” the single-beam polarization interferometer
was used for measuring the linear electro-aptic coefficient
af poled polymer films. This technique was analyzed in
detail and applied to measure the r,, Pockels coefficient
of poled polymer [ilms in*® Those measurements were
done under conditions where the influence of the Fabry-
Perot {FP) effect may he disregarded. In reality, how-
ever, the FP signal originating from the interference
between the heams reflected from two sides of the filin is
already present in thin films without special antireflec-
tion coating.

The purpose of this paper is to present the new two-
beam polarization (TBF) interferometer with reflection
configuration for thin film testing where the FP effect is
clearly in svidence and to apply it to the electrooptic char-
acterization of Pbh(Zr, T1)O, thin films. Two different ways
for p- and s- polarized beams are used in TBP interferom-
eter that provides the possibility to measure Pockels coef-
ficient, for thin films with strong FP effect.

II. Analysis

In our analysis we consider the linearly polarized laser
beam E#Fig. 1) transmitted through an isotropic sub-

409

Corning 7059
substrate

«—|TO electrode
<PZT thin film
<~ Pt electrade
Fig. 1, Optical configuration of the reflection techmique.

strate, a transparent electrode, and thin film, and
reflected from the top (1) and the hottom {(2) surfaces of
the thin film. The phase difference ¢, between s- and p-
polarized waves transmitted through flm and reflected
back from bottom (2) surface of the film is given by

4d
(DZsp:u%

[(rf -sin®®) "7 - (ne/mg)(n? —sin’6)" ¥

{1

where d is the thickness of the film, b is the incidence
angle of the laser beam, n, and ne are the ordinary and
extraordinary refractive indices of the thin film. and I is
the laser wavelength.

The basic idea in polarization interferomelry with the
reflection configuration is to use the electric-field-induced
phase-shift difference between the p- and s-polarized beams
transmitted through electro-optic film and reflected back
from opposite surface of thin film. For poled film, the
phase change under the variation of electric field dE is
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given by deposiled upon the bottom surface of the PZT thin flm.
After it is reflected from the electrode, this heam is sepa-

S, = rated into p- and s-polarized beams by a polarized beam-
(M20p /@) Br -+ (D By )80+ (s, (D112 (9  sphitter (PBS). Aftex reflection from mirrors, servo-rirvor

where the electric-field-induced refractive-index and thiek-
ness variation is given by

511n:—(n03/2)r13 ok
Su=—(ne"/2)r,, 8B GY
&d=d d,, 3E

where r,, and r,, are Pockels coefficients, and d; is a pie-
zoelectric coefficient.

When we apply the de and small amplitude ac field E=
E,+E_sinol across the thin film, the electric field varia-
lion is equal to the ac field amplitude SE=E_. Changing
the de field with fixed ac field amplitude B , we obtain
the dependence of the phase change versus the dc field,
E, Using Egs. (1) and {3) to calculate the derivatives in
Eq. (2) and taking into account that the birefringence of
the wsnal PZT thin film does not exceed 5+10%, we arrive
finally at the following expression for the phase change®

5, =(2ndr B /) [n*sin*6/(n"~sin "9} {4)

where v =r—~(n/n r *r - v, is the effective electro-oplic
coeflicient'” and n=n;. The final expression for the phase
change depends only on the electro-optical property but
nol an the piezoelectric property of the thin film. This is
50 because we can neglect the term related io the thick-
ness variation dd for conventional values of the parame-
ters of a PZT thin film Let us consider now the
interference patterns that can be created by beams
reflected from thin-film surfaces in the TBP interferome-
ter selup (Fig.2). A laser beam from the standard cw
He-Ne laser (A=633 nm, P;,=2 mW) linearly polarized at an
azimuth of ~45°C relative to the plane of incdence is
transmitted through a Corning glass 7059 substrate, an
indim tin oxide (ITQ) transparent electrode, and PZT
thin film and is slightly focused onta the Pt electrode
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Fig. 2. Experimental setup for PZT thin film lesting.

and a non-polarized beamsplitter (BS), these beams are
projected onto the photodiode where they mix again, A
servo mirror with a feedback system is used for move-
ment and stabilization of the operation point of the TBP
interferometer, The incident angle of the linearly polar-
ized incident beam arve set al 45°C in our experimenl. We
disregard multiple reflections, and the dependence of the
outpul. signal on the mcident angle is noi analvzed
because, although the influence of multiple reflections is
impertant in studies inside the absorption range of mate-
rials, ™ we use laser radiation with wavelength A=
635 nm. and thus operate in the (ransparency range of
PZT thin film.

In our analysis we consider three types of interferome-
ters. When an interference pattern 13 created by all four
beams with s- and p-polarization state reflected from the
top (1) and bottom (2) surfaces of the thin film (see Fig.1},
we deline this inferferometer as a TBP interferometer. In
the TBP interferometer optical setup we use a hall-wave
retardation plate for rotating the polarization state of p-
polarized beams reflected from both surfaces of the thin
film to the polarization state of the s- polarized beams,
Thus, the output intensity of the TBP interferometer is
given by:

Linp = B+ By + Egp + By |*/2 ()

where B, B, ., E,, B, are the s- and p-polarized beams
reflected from surfaces (1) and (2) respectively, are given

by

E, =R.E: exp(—ig,)

E=R.E* expl-i(i¢, +y]

E, =R.E «(1-R AT exp(-ig,,) (6
E,,=RE-+{1-E,T exp(-i(d,+y)

where ¢, .., .., and o, ave the phase shifts of the s-
and p-wave components reflecled from the top (1) and bot-
lom (2} surfaces of the film, R1 and R2 are the reflectiv-
ity of the top (1) and bottom (2) surfaces of film,
respectively. T is transmuittance of the thin film [or two
passes, E¥ is the incident light amplitude, and y is the
additional phase shift due to different optical paths for p-
and s- polarized hearms.

Without a half~wave retardation plate the interference
pattern is created only by the beams with the same polar-
ization state ("s” or “p") reflected from different surfaces
of the film and therefore we define this interferometer as
an P interferometer. The output intensity of the FP
interferameter 15 given hy:

ELE

Ip = B+ Eu72+|E, + By '/ 2 (7
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Fig. 3 OQutput inlerfermmeter infensity with a hall-wave
retardation plate (L) and withoul il (Ip) versus an addi-

tional phase shift v belween s- and p-polarized beams. L, left;
R, right

If the interference pattern is created only by =- and p-
polarized beams reflected from the bottom (2) surface of
the thin film, we can define this interferometer as a 25P
interferometer, and the output intensity of the 2SP inter-
ferometer can be expressed as:

logp = ‘E2H+E2n|2/2 (8)

Note that in contrast to TBP and FP interferometers
which can actually be produced the 28P interferometer is
simply a speculative mode] defined by expression {8

Figure 3 shows the dependence of oulput intensity Lo
and I, on the additional phase shift y between s- and p-
polarized heams, calculated frem Egs. (548} for the fol-
lowing values of parameters: d=0.5 mm, n=2.5, d,=50"10
BV r =110 mAV, 1, =0.33%10" m/V, ' R,=0.001
+0.1, R,=08, T=0.9. A feedback system with a servo mir-
ror keeps the overage intensity with a characteristic time
of ~1/10 s inside the left (I} or the right (R} operation
branch. Using a feedback system we can also change the
additional phase shift v and thevefore the operstion point
of the TBP interferometer.

When we apply alternating voltage to the thin film we
modulate the outpui intensity of the TBP, FP and 28F
interferometers. When the modulating amplitude is small,
the output acmodulated intensity signal at the first har-
monic of excitation is proportional to the first derivative of
the output intensity of the respective interferometer

Sreo = dlppe/{dR)
Srr = dlrp/(0F) k)
SE:;[) = aIEsp/{aE)

Figure 4 shows the relation of the TBP, FP and 287
interferometers' signals to the additional phase shifl v be-
tween s- and p- polarized beams, calculated from Egs. (2.
At a low reflectivity B =0.001, the TBP interferometer sig-
nal is approximately equal to the 2SP interferometer sig-
nal, amd we can disregard the influence of the FP
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Fig. 4. Modulated output intensily of TBP, FP and 28P inter-
ferometers versus an additional phase shift W between s- and
p-polarized beams for different values of the lop surface of the
PZT thin-film reflectivity: 4a) R;=0.001, 4b) R.=0.025 and 4c)
R=0.1

interferometer {Fig 4a). But at higher reflectivity R,=0.025
(Fig 4b} and R1=0.1 (Fig 4c) the 28P interferometer sig-
nal S2SP must be calculated as the difference between
TBP- and FP- interferometer-signals for center points of
the right or left operation hranch

Ssp 0 =S rp (W =S pplr )= [Sppplyr )= pplus, )} (10

where y =12 and y=37/2 are the additional phase shifls
that correspond ta the cenler points of the left and right
operation branches, respectively, of the TBF interferometer.

Far estimating errors we introduce the characterisiic
number F equal 1o the ratio of the value of the TBP inter-
ferometer-signal al yb to its value at v,

F=S g4, S rmp (W, {1

When the FP signal influence is weak. the value of F=-1
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and the 28P interferometer signal is equal to the TBP
interferometer signal, but when the FP signal is too large,
the value of F' is F=+1 and the TBP interferometer signal
is approximately equal to the FP sigual.

Numerical simulations based on relations (5)-10) show
that the difference hetween the value of the S2SP signal
calculated from Egs. (9) and that found from relation (10)
is less than 1.5% for a negative characteristic number F.
Finally, the Pockels coefficient can he found from relation
(4).

IIl. Experimental Results

A PZT thin film was deposited five times upon ITO Cor-
ning Y059 glass by a spin coating method (2000 rpm, 30 &)
with a Pb 1.1iZx0.52T10.43Y03(10% excess Pb) solution
made by a metal-organic decomposition (MOD) method.
The initial thickness of the ITO was ~0.2 mm, and the
substrate size was 20mm <20 mm ¥ 1.2 mm. A drying
procedure (drying temperature, 300°C ; tume duration, 5
min} was applied to the film to remove the retained
organics. Afterward, heat-treatment {temperature, 650°C;
time duration, 30 min) was applied for the crystallization
of the PZT after the third and filth steps of the deposi-
lion process. Finally, the thickness of the PZT thin film
was ~{0.5 mm. Poling of the PET thin film was done at
150°C for 10 min by application of 19 v. of electricity.

The experimental setup [or the dstermination of the
electrooptic coefficients of PZT thin films is shown in Fig,
2. The sum of the de and small-ac voltage V=V,+V_sinwt
at frequency o/2n=1kHz was applied to the ITO and Pt
eleclrodes of the thin Alm from a standard signal genera-
tor. The output electrical signal was measured by a photo-
diode with an SR-510 lock-in amplifier (load resisiance
R =100 M£2) at the first harmomc of the excitation fre-
quency. The sensitivity of the system obtained experimen-
tally was aboutl0® rad, corresponding to 0.001nm for
displacement measurement for the 1 Hz bandwidth .

The measurement of the Pockels coefficient 1s done in
the following way. Only the FP interferometer modu-
lated intensity signal S;, was measured when the half
wave refardation plate was removed. When a half-wave
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Fig. 5. Moedulated intensity of the 25P interferometer at the
first harmonic of excitation versus alternating field amplitude,
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Fig. 6. Dependence of the effective differential Pockels coeffi-
cient re on the de elecirie field (E, =20 kV/em)

retardation plate was installed, the s- and p-polarized
beams reflected from the Pt and ITO surfaces began to
create an interference pattern. Moving the operation point
of the TBP interferometer by means servo mirror dis-
placement, we installed the operation point of the TBF
interferometer in the center of the lefl ar right operation
branch. The difference of the TBP and FP interferometer
signals gives the value of the 25P interferometer signal.

First we checled that the measured madulated inten-
sity signal was from a linear electro-oplic effect. Figure. 5
shows the 2Z8P interferometers mignal versus the ampli-
tude of the ac field, Em. The linear dependence without
strong hysteresis demonstrates that this electro-aptic sig-
nal is from a linear electro-optic effect.

In calculating the thin film linear electro-optic coeffi--
cient we used relation (101 for S25P estimation and then
obtain re from relation {4). Because in our experiment the
value of the F coefficient was F=—0.12, the error was less
than 1% according to numerical estimation.

We determined the absclute value of the PZT thin film
linear electro-optic coefficient by placing an additional
servo mirror with a well-known relation between displace-
ment and applied veltage in one arm of the interferome-
ter.

A stromg hysteresis effect with a shightly asymmetric
farm of the hysteresis loop was observed at the depen-
dence of the re versus de electric field amplitude (Fig. &).
The curve was measured for ac field amplitude E_=20 kV/
crn. There are some reasons for the slight asymmetry,
such as the different nature of the electrodes used and a
partial eclamping of the -electromechanical deformation
owing to residual stress at the film-substrate interface.!”
We must emphasize that in our technique we measure
the differential value of the Pockels coefficient. The differ-
ential Pockels coefficient is proportional to the slape of the
dependence of birefringence on dc field, and therefore the
maximum value of the differential Pockels coefficient may
exceed the average valve of the Pockels coeffictent usu-
ally used in the literature. The field-induced hirefrin-
gence shift 1s expressed as an integral of the differeniial
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Pockels coeflicient:
%
[ r{E)dE (12)

-5

3
n

An(E) = -5

where =FE, ia the range of dc field variation.

The field-induced hirefringence, calculated from Egq. (12}
is approximately equal ta 8+10* for the external field
change [rom 0 to 100 kV/em. In general, the value of the
field-incduced birefringence of PZT and lead lanthanum
zirconated tilanate (PLZT) thin films depends on the film
composition, the substrate used, and the deposition condi-
tions. As reported in Ref'® the field-induced birefrin-
gence of the PZT 0/65/35 thin film deposited onto glass
and sapphire substrate is 2+10° and 15+107, respectively,
for the field change from 0 to 100 kV/cm. The value of
the birefringence obtained in our experiment is located in
the center of this interval. The sufficiently high value of
the field-induced birefringence in our experiment could he
related to relatively high perovskite phase contents and
high domain alignment in the direction perpendicular to
the film surface for our PZT 52/48 thin film deposited
onta ITO-glass substraie by the solgel method.'”

The measured value of the differential effective Pockels
coefficient r, lies inside the interval between —1.38+10™" m/
v and +1.28:10°% m/V for an external dec field changed
from —160 kV/em to 160 kV/em (see Fig. 7). These values
correlale well enough with the average values of the
Pockels coefficient of PZT and PLZT ceramics that lie in
the terval (0.4=0.2»10° m/V for different ceramics
compositions, and were obtained by use of different tech-
niques. ¥ In this regard, the measured value of the re
is in agreement with the known value obtained by other
techniques.

IV. Conclusion

We have developed a two-beam polarization interferome-
ter for measuring the linear electro-optic coefficient of a
poled PZT thin film. We showed that a two beam polar-
ization technique [acilitates measurement of the Pockels
coefficienis of thin films with the strong Fabry-Perot
effect that is uwsually present in ferroelectric thin films.
Based on a theoretical analysis, a simple Pockels coeffi-
cient measurement method was proposed. The measured
differential effective Pockels coefficient r =11, of a spin
coated PZT thin film demonstrated a strong hysteresis
shape with a slightly asymmetric form of the hysteresis
loop. The measured value of the differential effeciive

Measurement of the Pockels Coefficient. of PZT Thin Films Using--« 413

Pockels coefficient re lies inside the interval between -
1.38+10 " m/v and +1.28¢10" m/V for an external de field
that varied from -160 kV/em to 160 kKV/em and is in agree-
ment with the known values.
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