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Prism coupling technique investigation of elasto-optical properties
of thin polymer films

Feridun Ay, Askin Kocabas, Coskun Kocabas, and Atilla Aydinlia)

Department of Physics, Bilkent University, 06800 Ankara, Turkey

Sedat Agan
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The use of thin polymer films in optical planar integrated optical circuits is rapidly increasing. Much
interest, therefore, has been devoted to characterizing the optical and mechanical properties of thin
polymer films. This study focuses on measuring the elasto-optical properties of three different
polymers; polystyrene, polymethyl-methacrylate, and benzocyclobutane. The out-of-plane elastic
modulus, refractive index, film thickness, and birefringence of thin polymer films were determined
by means of the prism coupling technique. The effect of the applied stress on the refractive index
and birefringence of the films was investigated. Three-dimensional finite element method analysis
was used so as to obtain the principal stresses for each polymer system, and combining them with
the stress dependent refractive index measurements, the elasto-optic coefficients of the polymer
films were determined. It was found that the applied stress in the out-of-plane direction of the thin
films investigated leads to negative elasto-optic coefficients, as observed for all the three thin
polymer films. ©2004 American Institute of Physics. [DOI: 10.1063/1.1812823]
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I. INTRODUCTION

Over the last decade, thin polymer films have attra
an increasing interest for applications in microelectronic
dustry and in integrated optical components due to their
of processing, low dielectric constant, and useful electro-
stress-optic properties.1–3 The optical properties of thin pol
mer films are of great importance in optoelectronic and
pecially in integrated optical components and circuits. Th
properties are strongly influenced by the stresses inhere
the films. The stresses are generated due to the interact
the polymer with the substrate, solvent evaporation ind
shrinkage, etc.4 For optical waveguide devices, deposi
onto substrates, the mechanical properties of thin poly
films may differ by several orders of magnitude from th
of bulk materials.4 Furthermore, it is known that the stres
generated in the films cause the polymer chains to orie
the plane of the film resulting in anisotropic optical prop
ties. Therefore, it is important to be able to measure
chanical and optical properties of thin polymer films sim
taneously.

There are a number of recent studies that have ana
polymeric films showing in-plane and out-of-plane opt
anisotropy(birefringence).5,6 In addition, there are also stu
ies investigating the mechanical properties of thin poly
films, most of which are limited only to the in-plane dire
tion. This is due to the difficulty of measuring small thic
ness changes of thin films in the out-of-plane direction.7 The
refractive index measurements of thin filmsst,10 mmd are
usually done by making use of ellipsometry or prism c
pling methods; the latter is preferred due to the higher a
racy and capability to measure birefringence. For the ou
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plane mechanical properties, on the other hand, ther
several methods that have been reported recently. Kumet
al. measured the out-of-plane modulus by Brillouin sca
ing technique, but the method is limited to minimum fi
thickness of 100µm.8 Another method is the parallel pla
capacitor method, where metal layers are deposited
polymer surfaces, which could modify the mechanical p
erties of the film.9 Other approaches include use
nanoindentor,10 atomic force microscopy,11 and precision ca
pacitance dilatometry.12 While all of these methods meas
the out-of-plane mechanical properties of the polymer fi
they do not measure optical properties simultaneo
Therefore, the relation between the stress and the o
properties can only be established indirectly for thin poly
films. While much of the above mentioned shortcom
may be overcome with the use of prism coupling techni
the effect of applied stress on the measured quantity d
the use of prisms to couple light into the film have not, so
been taken into account.

In this study, an approach is proposed for elasto-o
characterization of thin polymer films, making use of
well known prism coupling technique.13 This method allow
us to determine the optical anisotropy and out-of-plane
chanical properties and to correlate both in order to ob
the elasto-optical properties of thin polymer films.

II. EXPERIMENT

In this study poly(methyl methacrylate) (PMMA), poly-
styrene(PS), and benzocyclobutane(BCB) polymers were
used. The BCB polymer was Dow Chemical Cyclot
3022-46; PMMA and PS were obtained from Sigma-Ald
with molecular weights of 15 000 and 150 000, respectiv

The PMMA and PS were dissolved in chloroform with 15

© 2004 American Institute of Physics
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wt % and 6 wt %. The PMMA, PS, and BCB polymer so
tions were spin coated onto substrates for 40 sec at
rpm, 2000 rpm, and 5000 rpm, respectively. The subst
were 3 cm31.5 cm thermally oxidized silicon samples w
a SiO2 layer of 7.2µm thickness. Upon coating, the PMM
and PS films were cured in an oven in nitrogen atmosphe
110 °C for 30 min and the BCB films were treated simila
at 250 °C for 60 min. All of the resulting polymers we
about 2.3µm thick, as verified by stylus profilometer(Sloan
Dektak 3030ST) thickness measurements.

The refractive index, birefringence, films thickness,
out-of-plane modulus of the polymer films were all de
mined at room temperature(21 °C) by a prism coupling
setup which was built in our laboratory. A schematic re
sentation of the setup is illustrated in Fig. 1(a). A linearly
polarized He-Ne lasersl=632.8 nmd is used to excite th
modes in the polymer slab waveguides in transverse ele
(TE) and transverse magnetic(TM) polarizations. The wave
guide and the coupling prism are mounted on a comp
controlled motorized rotary stage. As the stage rotates
guided mode intensity is measured on the output of
waveguide for each polarization by a detector as a fun
of the incidence angle and is stored in a computer. The
pling angles are then used to find the index of refraction
thickness of the guiding polymer layer for TE and TM
larizations by a computer program.13–16 All the measure
ments are performed by using symmetric SF-14 prisms
base angles of 60° and refractive index of 1.7561sl
=632.8 nmd. The coupling pressure is adjusted by a
crometer in contact with a calibrated spring system a
load cell that allows us to monitor the applied force onto
prism. The typical error in the refractive index measurem
is found to be less than ±0.0002 and ±0.3% for the thick
measurements.

Since the introduction of the prism coupling method
Tien and Ulrich, it has been argued that the coupling stre
can cause shifting and broadening of the modes due to
ence of the prism in the vicinity of the film.13,14 This was
attributed to the decrease of the air gap thickness with
applied pressure that originates from the dust particles a
located between the prism and the film. Recently, Monn
et al. made a theoretical analysis to estimate the coup
angle shifts observed in m-lines prism coupling metho17

For SrTiO3 prism and film with refractive index of 2.27 th

FIG. 1. (a) Schematic representation of the experimental arrangement
application and readout.
have found that the shifts result in an index change of
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5310−5, which is well below our precision. In our case,
prism used is of lower refractive index and the index con
between the film and the prism is low, which should resu
even smaller changes in the refractive index.14 Moreover, the
decrease of the air layer thickness and thus of the cou
efficiency is a function of the mechanical properties of
film under investigation. In our case, the Young’s modu
the polymers are few orders of magnitude smaller than
of the ordinary glassy dielectric materials, which makes t
softer.18 Therefore, it is reasonable to assume that the re
tion of the air gap thickness with applied pressure is sma
the range of the thickness variations of the polymer fi
used in this study.

The out-of-plane elastic moduli of the thin polymer fil
were deduced by using the same prism coupling setup
thickness change was used together with the applied
information in order to obtain the corresponding stress-s
curves. Use of finite element calculations was made to e
lish connection between measured values and e
mechanic properties, such as the Young’s modulus. Sinc
polymers under investigation are viscoelastic, both pl
and elastic deformations may be expected to occur durin
loading process. Therefore, all measurements of out-of-
modulus and refractive index were performed during the
loading process.12

III. RESULTS AND DISCUSSIONS

In order to be able to mutually compare the stress ef
on the guiding films, the polymer layer thicknesses were
justed to be nearly identical. Film thicknesses had value
2.37µm for PS, 2.38µm for BCB, and 2.30µm for PMMA
layers, as verified by both stylus profilometer and prism
pling methods, being in good agreement. These thickn
were chosen so that there are at least two guided mod
the waveguides. The mode calculations were done by so
the Maxwell’s equations with the corresponding bound
conditions.19 The number of modes calculated in this man
was further confirmed by calculating the mode spectrum
the same slab waveguides using beam propagation
niques employing finite difference methods. The calculat
predicted four modes(both TE and TM) for the BCB, four
modes for PS, and three modes for PMMA slab wavegu
The predictions were in agreement with the observed nu

e prism coupling setup,(b) detailed representation of the system used for pre
of th
of modes.
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The results of refractive index variation versus the th
ness change with the applied pressure for PS films are
in Fig. 2. A steady increase of the refractive index is cle
observed for both polarizations. The out-of-plane refrac
indexnTM increased from a value of 1.5852 up to a valu
1.5874 as the film thickness decreased by 0.15µm with the
applied pressure. Similarly, the in-plane refractive indexnTE

increased from 1.5844 to 1.5856 in the same range. At h
applied stresses, there is a flat region, where the in-p
refractive index does not increase with the applied st
This may be attributed to the saturation of the alignmen
molecules contributing to refractive index as well as the s
ration of the density variation of dipoles contributing to
dex of the polymer in the in-plane direction. On the ot
hand, the density of the polymer continues to increase
the applied pressure leading to an increase in the refra
index for the out-of-plane direction. The flat region was
taken into account in the calculations of the elasto-op
constants, to be discussed below. Similar trends for refra
index increase were observed for both BCB and PMMA
ers. Figure 3 shows the results obtained for BCB films
increase for both polarizations is observed with the decr

FIG. 2. Change of the TE and TM refractive index for PS films with cha
in the film thickness.

FIG. 3. Change of the TE and TM refractive index for BCB films w

change in the film thickness.
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of the film thickness as pressure is applied on the poly
layer. The value ofnTE increased from 1.5575 up to a va
of 1.5586 as the thickness of the guiding film was reduce
about 0.07µm with the applied pressure, whilenTM has in-
creased from 1.5553 to 1.5566 in the same range. As fo
PMMA layers, the refractive index was measured to incr
from about 1.4869 to 1.4876 for both polarizations.

Another interesting outcome of the refractive index m
surements is the evolution of birefringencesDn=nTE−nTMd
with the applied pressure. The birefringence for the PS
was measured to be negative(see Fig. 4) with an initial value
of about −0.0007 which increased slightly in the nega
direction up to a value of about −0.0011, as the film th
ness decreased by 0.12µm, with applied pressure. BCB la
ers have also been measured to be birefringent, how
with a positive sign(see Fig. 5). For these layers, the val
of the birefringence was initially about 0.0022, which
creased slightly down to 0.0017 with the film thickness
crease of 0.07µm, as a result of the applied pressure. On
other hand, the PMMA films have been found to be optic
isotropic. Zero birefringence was observed in the unstre
condition and there was no change in the birefringence a

FIG. 4. Change of birefringence for PS films with change in the
thickness.

FIG. 5. Change of birefringence for BCB films with change in the

thickness.
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pressure was increased(see Fig. 6), although bothnTE and
nTM showed small increases with applied pressure.

The refractive index values determined from these m
surements are in agreement with those reported in the l
ture. The refractive indices ofnTE=1.587±0.002 andnTM

=1.582±0.002 were previously reported for the atactic
films having negative birefringence that are in good ag
ment with our results.20 For the BCB films, to the best of o
knowledge, the number of polarization dependent refra
index values reported is very limited. For BCB type sim
to ours the only measurement was reported by Tanikeet
al., where it was reported thatnTE=1.55 with a positive bi
refringence ofDn=0.002.21 These values are also in a ve
good agreement with ours. As for the PMMA layers, they
known to be optically isotropic, and Whiteet al. reported a
refractive index of 1.488, identical with our measuremen22

However, in all of these reports no mention of stress indu
changes in the quantities measured were made. Finall
measurements that we report for PS, BCB, and PMMA h
higher precision from those reported in literature.

The out-of-plane elastic moduli for the polymer fil
were calculated by using the applied stress and film thick
measurements. In calculation of the applied stress the
considered was the coupling area having size of 8
3 ,1 mm at the base of the coupling prism. The size of
coupling area was measured by inspecting the dark re
formed at the base of the prism. The value of the force
measured by a load cell and ranged approximately betw
and 150 N. The coupling pressure was adjusted by a
crometer in contact with a calibrated spring system[Fig.
1(b)]. As seen from the figure, a load cell was incorpora
into the prism attachment setup. The load cell was Sen
Model 13 (AL322BN) subminiature compression only lo
cell allowing measurement of loads of up to 50 lbs.

The values obtained for out-of-plane elastic moduli w
0.3±0.13109 N/m2, 0.3±0.13109 N/m2, and 0.9±0.1
3109 N/m2 for PS, BCB, and PMMA thin films, respe
tively. The elastic moduli obtained for the investigated th
polymer layers are approximately one order of magni
smaller than those reported in the literature for their b

FIG. 6. Change of birefringence for BCB films with change in the
thickness.
counterparts. For PS films, the corresponding value is re
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ported to be abouts2–3d3109 N/m2.23,24 Most of the films
studied in the literature were bulk PS specimens with typ
dimensions of the order of millimeters. The moduli w
measured under tensile stress in stretching condition c
sponding to an in-plane modulus. Thus, we can expect
values to differ from our thin film results in the out-of-pla
direction. For PMMA layers, the reported Young’s mod
are <3.23109 N/m2,16,24 again measured for bulk mater
under the in-plane stretching condition. As for the B
films, there are several studies reporting on the out-of-p
modulus of thin BCB filmss,15 mmd with value of 3
3109 N/m2.9,25 In these reports the authors made us
parallel plate capacitor method, where metal layers are
posited onto polymer surfaces, which may result in mo
cation of the mechanical properties of the film itself.

Although there are studies that report moduli of
films close to their bulk counterparts, a number of stu
were also done analyzing the thickness dependence o
out-of-plane mechanical properties of thin polymer fil
They report clear differences between thin film and b
polymers. For example, Liouet al. measured out-of-plan
elastic properties for thin polyimide films as a function
thickness using precision capacitance dilatometer.12,26 They
have found that the out-of-plane elastic moduli of the
polymer films decrease with decreasing film thickness.
polyimide films, Liouet al. obtained one order of magnitu
decrease from about 2.83109 N/m2 down to 0.3
3109 N/m2 in the out-of-plane modulus as the film thic
ness decreased from,15 mm to ,4 mm and verified tha
the in-plane modulus has a larger value. A similar beha
of modulus anisotropy and decrease of the out-of-p
modulus with decreasing thickness can be expected fo
polymer films studied in this work. This possibility w
tested by performing out-of-plane modulus measurem
for PMMA films of various thicknesses. In this ser
PMMA was dissolved in chlorobenzol and was spincoate
2000–5000 rpm in order to obtain varying thickness fil
which were not obtainable by using chloroform as solv
Five PMMA films with thicknesses of 3.10, 3.22, 4.30, 4
and 6.10 µm were obtained. The values of out-of-pla
moduli for these films were obtained as described ab
Figure 7 shows the experimental data for variation ofDy/y0

with the applied forceF. As is observed, the slopes of
graph increase with increasing film thickness. For all
polymer films a minimum force of about 15 N is required
obtain strain larger than zero, i.e., to obtain coupling betw
the prism and polymer film. Thus the variation ofDy/y0 with
the applied force can only be observed for applied forc
about 15 N or greater. As the value of strain increase
variation becomes linear due to the stabilization of the
pling area between the prism and the film and this is
region which was used to determine the out-of-plane el
moduli of the layers. The slopes are directly proportiona
the out-of-plane moduli of the films and therefore our
pected trend has been verified. The calculated out-of-p
moduli variation with film thickness for PMMA layers a
depicted in Fig. 8. The geometry and coordinate axis con
tion is illustrated in the inset of the figure. It is evident fr

-the figure that the out-of-plane moduli of the layers show a
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steady increase with increasing film thickness. Namely
modulus showed an increase from 0.18±0.033109 N/m2 up
to 0.5±0.13109 N/m2 with increase in thickness from 3.
µm to 6.10µm. Therefore, the analysis of the change of
out-of-plane elastic modulus with change in film thickn
has two important results. First, as was expected, the m
increase with increasing film thickness. If the increase is
sumed to be linear, the moduli are expected to reach
bulk value at a thickness of about 27µm. The second findin
that should be mentioned is the effect of the solvent use
preparation of the films. It was found that the PMMA fil
produced using chloroform as solvent resulted in larger
of-plane elastic moduli compared to the ones prepared
chlorobenzol.

The procedure for determination of the elasto-op
properties of the polymer films includes finite elem
method (FEM) calculations of the unknown stress com
nents together with the results of experimental measurem
of the index and thickness change with the applied st
The theoretical basis of the procedure is described belo

The stress dependence of the refractive index is
pressed in terms of the Fresnel’s index ellipsoid and

FIG. 7. Experimental data for variation ofDy/y0 with the applied forceF
for PMMA films with thicknesses of 3.10, 3.22, 4.30, 4.75, and 6.10µm.
Note that the coupling is completed forF.15 N.

FIG. 8. Variation of the out-of-plane elastic modulus with film thickness

PMMA films.
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Cauchy’s stress ellipsoid. In the elastic range of the ma
and when the ellipsoids are coaxial, the principal refrac
indices are related to the principle stresses by the Neum
Maxwell stress equations

ni = n0 + C1si + C2ss j + skd, s1d

whereni are the principal refractive indices,si are principa
stresses, andC1 andC2 are the elasto-optic coefficients.27,28

The difference sC1−C2d=C is the usually reported an
widely used value for the stress-optic coefficient of a m
rial when a measurement of the birefringence is made u
uniaxial stress conditions.23,29

The bulk counterpart of the polymer films investigate
this study are known to be isotropic. In the thin film form,
the other hand, these polymers were found to be slig
anisotropic. The observed anisotropy is mainly due to ef
such as in-plane orientation of the polymeric chains du
the spinning process and solvent evaporation and ma
pend on the specific type of polymer itself.12,30 Due to the
spinning process, the expected anisotropy of the layers
uniaxial type and one of the principal axis of symmetr
parallel to the incident polarization. The measured bire
gence in this case is, 0.002 and in this regime the isotrop
assumption for mode equations remains as a reaso
approximation.31–33 The variation of birefringence und
stress, on the other hand(i.e., stress induced birefringenc),
is governed by Neumann-Maxwell stress equations. Th
fore, in our case, we assume that the polymer films are
tropic in the in-plane direction and with the described c
dinate system convention the following stress equations
be written as27,28

nx = n0x + C1sx + C2ssy + szd, s2d

ny = n0y + C1sy + C2ssx + szd. s3d

In order to be able to obtain the elasto-optic coefficients
variation of the refractive index and film stress should
expressed in terms of identical quantities. For this reaso
FEM analysis was used so as to obtain the principal str
for each polymer system. The material properties were
fined by their elastic moduliE, Poisson’s ration, and initial
thicknessy0. The out-of-plane elastic moduli and film thic
nesses were determined experimentally as described a
while the values of Poisson’s ration for each film were use
as reported in the literature. In particular, the following
ues were employed: 0.33, 034, and 0.35 for PS, BCB,
PMMA, respectively.9,18,34The change of the film thickne
Dy with applied stress was simulated and equations o
following form were obtained for each direction and polym
film:

si = const3 Dy = KiDy. s4d

Moreover, the refractive index variations with the app
pressure can also be expressed in terms ofDy. As seen from
Figs. 2 and 3 the following linear relations can be writte
nx = n0x + mxDy, s5d
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7152 J. Appl. Phys., Vol. 96, No. 12, 15 December 2004 Ay et al.
ny = n0y + myDy, s6d

wheremx andmy are the slopes obtained from the linear
to the refractive index measurements. Substituting
(4)–(6) into Eqs.(2) and (3) and taking their difference th
equations for the elasto-optic coefficientsC1 andC2 take on
the form

C1 =
smx + mydsK2 − K1d − smx − mydsK1 + K2 + 2K3d
sK1 + K2dsK2 − K1d − sK1 − K2dsK1 + K2 + 2K3d

,

s7d

C2 =
smx − myd − C1sK1 − K2d

K2 − K1
. s8d

Here, the elasto-optic coefficientsC1 andC2 are expressed
terms of quantities determined from refractive index m
surements(i.e., mx and my) and the parameters found fro
FEM calculations(i.e., K1,K2, andK3).

The results of FEM analysis and elasto-optic coeffic
calculations are given in Table I. The table contains the
tial thickness of the guiding polymer filmsy0, maximum film
thickness change with the applied pressureymax, calculated
elastic moduli of the layersE, constantsK1,K2, andK3 de-
termined by FEM simulations as explained above, the s
valuesmx and my given in Eqs.(5) and (6), and the calcu
lated elasto-optic constantsC1, C2, andC.

For PS thin films, the elasto-optical coefficientsC1 and
C2 were calculated to be −48±3Br and −29±3Br s1Br
=10−12 m2/Nd, respectively. There are strain elasto-opt
coefficientssp11,p12d reported for PS films.35 These coeffi
cients can be translated into the stress-optical coefficien
using the following relations:36

C1 = −
n3

2E
sp11 − 2np12d, s9d

C2 = −
n3

2E
sp12 − np11 − np12d. s10d

Using the reportedp11, p12, E, and n values for bulk PS
films in the above equations, we obtainC1

=−61.4Br andC2=−69.7Br. First, we see that the values
the bulk material and those we obtained for thin PS films
of the same order. The difference ofsC1−C2d can be used t
compare our results with the widely reported stress-optic
efficientC for bulk polymers where measurement of biref
gence is made under uniaxial stress conditions.23,29 For bulk

TABLE I. Results of FEM analysis and elasto-optic coefficient calcula
maximum film thickness change with the applied pressureDymax, calculate
simulations, the slope valuesmx andmy, and the calculated elasto-optic

Polymer y0smmd Dymaxsmmd Es109 N/m2d K1

PS 2.37 0.16 0.3 −0.9
BCB 2.38 0.07 0.3 −1.0
PMMA 2.30 0.06 0.9 −3.4
PS,C is positive with a value of 8.3Br, whereas the calcu-

Downloaded 03 Dec 2004 to 139.179.96.204. Redistribution subject to AIP
.
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latedC for PS thin films is negative with a value of −19Br.
The bulk material value is in agreement with the value
8–10Br in other reports in the literature.23,24,27The proces
of determination of the stress-optic constantC is the key
factor in the apparent sign mismatch of the mentioned
rameter. Namely, the reported stress-optical coefficienC
for bulk PS materials are calculated from the birefringe
and stress measurements when the material is under t
stress. The extent of motion of the polymer chains is lim
upon such deformation. It is known that the birefringenc
PS is mainly determined by the orientation of the ph
groups. As discussed by Rudd and Gurnee, upon the
cation of tensile stress, the phenyl groups tend to align i
direction of the applied stress, i.e., in the in-plane directio31

This results in positive birefringence and positive stress-
coefficient. However, in our case the stress is applied in
out-of-plane direction of the polymer film. We suggest
this should lead to at least partial alignment of the poly
chains in the out-of-plane direction and consequently to
pendicular alignment of the plane of the phenyl group37

This, accordingly, should result in negative birefringence
negative stress-optic coefficient, as was observed for th
films in this study.

The elasto-optic coefficients for the BCB layers w
found to be asC1=−107±8Br ,C2=−30±8Br, and C=
−77Br. As for the PMMA thin film layers, the obtaine
stress-optic coefficients areC1=−10±3Br , C2=−10±3Br,
andC=0Br. The results for PMMA are reasonable since
optically isotropic films, equal elasto-optical coefficients
thus zeroC are to be expected.

While the reported method for measuring the mecha
and optical properties simultaneously by making use
prism coupling technique is novel and interesting, we
that the measured values of the material properties su
out-of-plane elastic modulus and elasto-optical cons
should be considered as preliminary. The technique sti
volves difficulties and assumptions that can possibly be
proved. Namely, we have assumed that the applied str
uniform across the coupling area and the Poisson’s ran
was assumed to be identical with the bulk value.

IV. SUMMARY AND CONCLUSIONS

An experimental setup based on the prism coup
method was built and utilized to measure the refractive

. The tabulated data include the initial thickness of the guiding polymelms y0,
stic moduli of the layersE, constantsK1,K2, andK3 as determined by FEM
tantsC1,C2, andC.

4 N/m2d s104 1/md s10−12 m2/Nd

K2 K3 mx my C1 C2 C

−1.9 −0.9 1.241 1.428 −48 −29 −
−1.9 −1.0 1.969 2.698 −107 −30 −7
−6.3 −3.4 1.306 1.306 −10 −10 0
tions
d ela
cons

s101
ces, optical anisotropy, and out-of-plane elastic moduli of
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PS, PMMA, and BCB thin polymer films. Moreover, t
variation of the optical properties of these films with
applied pressure was characterized.

Although prism coupling technique is widely used
order to measure the refractive index and thickness o
polymer films, the effects of the stress that is applied on
film in this method is not taken into account. Inclusion
these effects allows one to measure the refractive inde
the polymer films reliably and with higher accuracy. It w
found that the refractive index values of the investiga
three polymer films increased with the applied pressure
both TE and TM polarizations, in accordance with the str
optic effect. A negative birefringence of −0.0007 was
served for PS thin films, the birefringence for the PMM
layers was found to be zero, and that of the BCB films
found to be 0.0022 in the unstressed condition.

The out-of-plane elastic moduli of the three thin polym
films were found by making use of the prism coupling te
nique measurements of 0.3±0.13109 N/m2, 0.3±0.1
3109 N/m2, and 0.9±0.13109 N/m2 for PS, BCB, and
PMMA, respectively. Furthermore, the out-of-plane ela
modulus was found to increase with film thickness as v
fied for PMMA layers. For PMMA films dissolved usin
chlorobenzol the corresponding value increased
0.18±0.033109 N/m2 up to 0.5±0.13109 N/m2 with in-
crease in thickness from 3.10µm to 6.10µm.

Results of 3D FEM analysis together with the refrac
index measurements were applied to the Neumann-Ma
stress equations in order to obtain the elasto-optic co
cients for the PS, PMMA, and BCB thin films. In contr
with the measurements of elasto-optic coefficients made
der tensile stress conditions for bulk polymers, it was fo
that the applied stress in the out-of-plane direction of the
films investigated leads to negative elasto-optic coefficie
as observed for all of the three thin polymer films.
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