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ABSTRACT

The linear electro-optic (EO) effect is one of the second-order nonlinear optical effects ex-
isting in a noncentrosymmetric macroscopic system. In a polymer thin film, the noncen-
“trosymmetry is achieved by electric field poling. The magnitude of the linear EO response
is determined through the orientational distribution function of hyperpolarizable molecular
dipoles. The relation between the linear EO coeflicient and the second-order nonlinear opti-
cal susceptibility is explained. Three different methods of measuring the linear EO coefficient
of a poled nonliner optical polymer thin film are introduced and discussed. All of them make
use of the interferometric technique, the difference being in the optical parameters which are
interfering.

I. INTRODUCTION

The linear electro-optic (EO) effect is one of the second-order nonliner optical phenomena
present in macroscopically noncentrosymmetric materials, where the change in the coefhi-
cients of the refractive index ellipsoid is proportional to an external modulating electric
field. The linear EO tensor components r;; provide information on the change of refractive

indices, and the second-order nonlinear optical (NLO) susceptibilities XS%("*‘); w, 0) are ob-

tained from the measurements of r;;. Various material systems were studied as EO material,
including inorganic crystals, semiconductors, and organic materials. In particular, organic
polymer thin films received wide attention mainly due to their good processibility and in-
trinsic high bandwidths[1-5]. In the case of polymer thin films doped with NLO molecules,
the centrosymmetry of the orientational distribution of the NLO molecules is usually broken
by an external dc electric field[6]. The polymer thin film is heated above the glass transition
temperature with a poling field applied. The film is then cooled down to room tempera-
ture, and the poling field is disconnected. The high viscosity of the glass state of polymer
prevents the induced alignment of the molecular dipoles from being randomized. Once the
centrosymmetry is broken, the system thus obtained can be viewed as an ’artificial crystal.’
From the point group of crystal symmetry, the number of independent linear EO tensors r;;
are determined, and the relation between the various components of r;; can be derived.

Experimentally, the nonvanishing components of r;; are measured by an interferometric tech-
nique. There are three kinds of interferometry that can be employed to measure r;;, single-
beam interferometry, two-beam interferometry, and multiple-beam interferometry. While the
single-beam interferometry makes use of the polarization interference of the extraordinary
and the ordinary components of the beam passing through the poled, thin-film sample, in
the case of two-beam interferometry such as Mach-Zehnder interferometry the phase inter-
ference can be achieved selectively. Furthermore, Fabry-Perot interferometry, one kind of
multiple-beam interferometry, can also be employed when an increase in interference sensi-
tivity is required. In this paper the index ellipsoid of a poled polymer thin film is analyzed to

relate the linear EO tensor r;; with the second-order NLO coefficient Xf-?,l(——w;w,ﬂ). Three
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interferometric measurement techniques, single-beam, two-beam, and multiple-beam inter-
ferometries, are introduced and compared. The advantages and the disadvantages of each
technique are analyzed in application to the measurement of EO coefficients in poled polymer
thin films.

I1. INDEX ELLIPSOID STRUCTURE OF POLED POLYMER THIN FILM

The orientational distribution of NLO chromophores of thermally cured polymer film is
isotropic. Hence, the index ellipsoid is a sphere. After electric field poling, the isotropy is
broken, and the poled polymer thin film becomes a uniaxial material possessing C., point
group symmetry with the infinite-fold symmetry z (optic) axis[7-8]. After the centrosymme-
try is broken, the equation of the index ellipsoid becomes
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When an external modulation field is applied in the z-direction, the changed refractive indices
satisfy the same index ellipsoid equation as Eq.(1), only the refractive indices are varied:

1 1 1
(5 + risE.)e* + (= + rizE.)y? + (5 + rask,)z? = 1. (2)

o nO e

Changes in the refractive indices are related to the linear EO coefficients, ry3 and ra3, by

Ane = —%TLST33E, (3)
1 4
An, = ——2-nor13E. (4)

On the other hand, the linear EO coefficients r;; are related to the second-order NLO sus-
ceptibilities x;;x(—w;w,0) in the following way:

Tijk = —

o )Xi]-k(-—w;w,O). (5)

ei(w)ess(w

Now, the macroscopic second-order NLO susceptibilities x;;x(—w;w,0) can be expressed
in terms of the molecular hyperpolarizabilities 8;;:(—w;w,0) by use of the orientational
distribution function of molecular dipoles[9-11]:

X2 (—w;w,0) = N/ﬂm cos*(3, 2) f(Q)dQY, (6)

Xg)z(—w;w,()) = N/ﬁ333 cos?(3, x)cos(3, z) f(Q)dS2. (7)

The orientational distribution function f(£) is determined from the minimization of the
thermodynamic free energy F of the dipolar interaction of molecular dipoles with an external
poling field:

F=U-TS (8)

where U = —pF cos§, T is the temperature, and S is the entropy. The minimization of the
free energy F' yields the following Boltzmann distribution:

£(9) = f(0) = i 2n + 1 0,(x)

n=0

2 o) P, (cos 9) (9)
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where z = fg—, i,(z) are the spherical modified Bessel function, and P,(cos ) are the Leg-

endre polynomials. After substituting Eq.(9) into Eq.(6) and Eq.(7), the second-order NLO
susceptibilities are

x(z’i)z(—w;w,O) = N/3333(—w;w,0)—;‘[32-1($) + 2%3(‘1’)]7 (10)

wo(z) 20(2)

() (—w:w, 0) = NfBass(—w;w, 0)= [ — :
Xra:z( w; W, ) 6333( Wi, )5[20(16) ZQ(JC)] (11)
Substitution of Eq.SlO) and Eq.(11) into Eq.(5) yields the expression of the linear EO co-

efficients in terms of the microscopic hyperpolarizabilities and the orientational distribution
of dipoles.

II1. SINGLE-BEAM INTERFEROMETRY

In a poled polymer thin film with Cw, point group symmetry, two linear EO tensor compo-
nents, ri3 and rs3, are nonvanishing when the modulation electric-field direction is the same
as the poling electric-field direction[12]. Once the relation between ry3 and rs3 is known,
single-beam interferometry can be employed to measure the linear EO coefficient.
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Fig.1. Single-beam polarization interferometry

As shown in Fig.1, the phase modulations experienced by the s-polarized and the p-polarized
waves are different. The s-polarized wave picks up the modulation of ordinary wave only.
Hence,
3,. B

An, = An, = —Tl-l-;f“ (12)
In the case of p-polarized light, the electric field of the incident light can be decomposed
into the ordinary and the extraordinary wave components. The refractive index, n,(8), of
the p-polarized light with the incident angle 8 satisfies the following equation:

1 cos?f sin’é

= + ) (13)

n2(6) n2 n?

The change in the refractive index due to the EO modulation is, therefore,

An, = An, cos® § + An, sin’ 6. (14)

The optical phase difference between the s- and the p-polarized light, I', is simply given by
SE.L . :

[=A¢, - Ad, = _u_:no (r13 — r33) sin? 4. (15)
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From the given orientational distribution function, a relation between r13 and ri3 can be
obtained. With that relation, Eq.(15) gives the linear EO coeflicient that can be measured
by a simple experimental setup as shown in Fig.2.
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Fig.2. Schematic diagram of the experimental setup

IV. TWO-BEAM INTERFEROMETRY

Mach-Zehnder (MZ) interferometry is one kind of two-beam interferometry in which the
amplitude of the incident beam is split. Heterodyne MZ interferometry is a variation of
MZ interferometry. In the former, the incident beam is split into a reference arm (local
oscillator) and a frequency-shifted sample arm[13]. The reference and the sample arms are
recombined by a dielectric mirror, and the spectrum of the combined beam is analyzed
through a spectrum analyzer to identify any frequency shift induced in the sample arm. At
the detector, the photocurrent is given by

t(t) = Ipo + Is + 2v/Iols cos|wrot + Ad(t)] (16)

where I1o and Is are the dc currents due to the reference- and the sample-arm beams, respec-
tively, and Ag(t) is the time-dependent linear EO phase shift. For a sinusoidal modulation
voltage and double-pass beam, we get

L
Ag(t) = 27rr13n3XEm sin(wpt) = ésin(wp,t) (17)

where A is the free-space wavelength of the laser light, E,, sin(w,,?) is the modulation F field,
and L is the active sample thickness. Expanding Eq.(16), we obtain a relation between the
photocurrents of the n-th harmonics:

t[(wro + nwn, )t _ Jn(6)
i(wLot) Jg(é)

where J,(6) is the n-th order Bessel function. For small modulations, the ratio of J;(§) to
Jo(é) is approximately §/2. This means that a measurement of the photocurrent heights at
the spectrum analyzer gives the linear EO coefficient r13. When compared with single-beam
interferometry, one advantage of MZ interferometry is that the independent determination
of r13 is possible.

(18)
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V. MULTIPLE-BEAM INTERFEROMETRY

For multiple interference, the transmission T of a Fabry-Perot (FP) interferometer with two
mirrors 1s expressed as

I
= e 19
1+ F.sin*$é (19)
where I = U_—T}%D—f is the effective transmission, and 6 = 31/\“—160:95 is the optical phase inside

the interferometer. (! is the thickness of the space layer, n the refractive index of the space
materials, and 6, the refractive angle in the space layer.) The refractive angle 0, is related
to the incident angle 6 through Snell’s law, nsinf, = sin .

When an external electric-field modulation is applied between the two metal electrode mir-
rors, the linear EQ effect present inside the film layer of an FP etalon induces an optical
phase change. The derivative of the transmission, dT', is

orT 2rnl  IF,sin26 (n? — 2sin? )

dT = (5n)ln_ A (1 + F.sin?6)? (n3 — nsin® ) "

(20)

Here, the change in the refractive index dn can be related with the linear EO coefficient. A
film poled in the direction of the etalon surface normal will have two nonvanishing electro-
optic coefficients, r13 and r33. An electric field applied in the direction of the surface normal
will result in a change in the index of refraction, as observed by T F-polarized light, given

by
1
dTLTE - dny = ~‘2—n§T13dEZ (21)
where n, is the ordinary refractive index. The differential change in the effective index, as
experienced by T'M-polarized light, is related to the applied field by

n?
dnry = dnesp = — "2” (r13 cos? 8, + r33sin® 6,)dE, (22)

where n.gy is the effective index, which can be determined by the relation

1 cos? @, sin®0,
= 23
20w w =)

where n, and n. are the ordinary and extraordinary indices, respectively.
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Fig.3. Schematic diagram of the experimental setup
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Substitution of Eqs.(22) and (23) into Eq.(20) yields the relation between the linear EO
coefficients and the transmission modulation. Here, we note that the T'E-polarized light
measurement provides an independent determination of ri3 as shon in Eq.(21). Another
advantage of FP interferometry is the stability of its interference pattern compared with
that of MZ interferometry. In an etalon structure, the fixed spacing of the two mirrors

provides a mechanical stability essential to a stable interferometer.

Experimentally, the optical phase change is achieved by rotating the thin film sample in a
rotation stage. Variation in the incident angle of the laser light induces an optical-path-
length change inside the film, which results in a change of an optical phase. (See Fig.3).
Examples of the experimental data are shown in Fig.4 and Fig.5. The linear dependence of
the modulated output confirms that the modulation is due to the linear EO effect. From
Fig.5 we find that the point where the transmission modulation is maximum agrees with
that where the differential transmission is maximum, as shown in Eq.(20).
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Fig.4. The modulation output as a function of the ac modulation voltage
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Fig.5. The intensity of the interfering light and the modulation amplitude

154



VI. CONCLUSION

Three interferometric techniques are introduced for measuring the linear EO coefficients in
poled pclymer thin films. Single-beam interferometry makes use of polarization interference
between the ordinary and the extraordinary waves. A two-beam interferometer, introduced
here as the heterodyne Mach-Zehnder interferometer, utilizes the standard reference- and
sample-arm configuration. The heterodyne technique is useful for a dynamic study of the
linear EO response. Fabry-Perot interferometry, as one example of multiple interferometry,

has other advantages, such as the stability of the interference pattern and the ability to
independently determine the linear EO coefficient.
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