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Abstract : Using a prism-waveguide coupler, refractive indices of spin-cast and machine-rolled poly-
mer films were three-dimensionally measured: poly{p-phenylene biphenyltetracarboximide) (BPDA-
PDA) and polylethylene terephthalate) (PET) films. For each film, both birefringence and dielectric
constant were calculated from the measured refractive indices. For all the films, the in-plane refractive
index was always higher than the out-of-plane refractive index, resulting in a high birefringence and a
high anisotropy in dielectric constants. These might be caused by the polymer chains preferentially
oriented in the film plane. For the spin-cast BPDA-PDA film, both the in-plane and the out-of-plane
refractive indices were isotropic for all directions in the film plane, respectively, indicating that the highly
in-plane oriented polymer chains were randomly aligned in the film plane. However, for the machine-
rolled BPDA-PDA and PET films, the in-plane refractive index varied sensitively with the directional
positions with respect to the machine and transverse directions in the film-forming process, whereas the
out-of-plane refractive index was almost insensitive to the directional positions, indicating that the in-
plane oriented polymers are not randomly aligned in the film plane. The preferential alignment of the in-

plane oriented polymer chains in the films was determined by mapping film birefringences.

Introduction

The optical refractive index and birefringence
of polymers in thin films can be measured in
several ways: Soleil-Babinet compensator tech-
nique, refractometry, deviation method,
Brewster's angle measurement, ellipsometry, and
prism-coupling technique.'” The thickness of the
films can be determined by means of two-beam
interferometry, stylus scan technique, ellipsometry
and prism-coupling technique.’* Among these
methods, only two techniques, ellipsometry and
prism-coupling can allow the precise determina-
tion of both refractive index and thickness of the
films. However, in practice,
measurement is possible only if the accurate
index of the substrate is known. If the refractive
index and thickness of a film are large enough to
allow guidance of an optical wave, the most

the ellipsometric

direct method is measurement of the effective
index using a prism coupler. This measurement is
rapid and nondestructive. The theoretical study
of prism coupling was first reported in 1962 by
logansen® and the first experimental set-up was
made in 1964 by Osterberg and Smith.*
However, highly efficient prism couplers were
introduced in 1969 by Tien et al.® and Harris et
al.® Afterwards, many investigations have
contributed to bring the theory to a high degree
of sophistication and also to develop prism
couplers to highly efficient broad-band opera-
tions.”™ For polymeric thin films, the prism-wave-
guide coupling was previously demonstrated to
characterize both refractive index and thickness.”*'
In addition, the prism-waveguide coupling charac-
teristic is sensitive to process-induced changes in
the film morphology, so that its measurement can
monitor morphological changes in thin polymer

'Present affiliation: LG Chemical Ltd/Research Park, Jang-dong, Yusung-ku, Taejun 305-343, Korea.
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Figure 1. Chemical structures of polymers used in this
study.
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films.

In this study, the guided-wave integrated optics
approach of prism coupling was extended to
characterize optical properties quantitatively,
such as refractive index, birefringence, and
dielectric constant, of spin-cast and machine-
rolled polymer films: spin cast poly{p-phenylene
biphenyltetracarboximide} (BPDA-PDA), machine-
rolled BPDA-PDA and poly(ethylene
terephthalate) (PET) (see Figure 1). BPDA-PDA
polyimide is widely used in the fabrication of
microelectronic devices as interdielectric and pas-
sivation layers owing to their excellent physical
and chemical properties, in addition to the
exceptionally high temperature stability up to
450°C.** BPDA-PDA films are prepared by
casting solutions of the poly(amic acid) precursor
onto a substrate and then thermally or chemically
converting to the polyimide film."***#% The
preparation of its commercially machine-rolled
film was not reported. However, that is suspected
to be manufactured by one of the following two
processes.” The first film-forming process involves
one-step polymerization of the respective diamine
and dianhydride in p-chlorophenol or m-cresol by
heating and subsequent casting the polyimide/
phenolic solvent mixture onto supportive
substrates or drums. The cast film is heat-treated
to >300°C to remove the high boailing solvent
and to assure complete conversion to polyimide. At
the same time, the film is uniaxially or biaxially
stretched to improve its physical properties. The
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second process is adding conversion chemicals
{for example, acetic anhydride/B-picoline) to the
chilled poly(amic acid) solution in dimethylace-
tamide or N-methyl-2-pyrrolidinone, and casting
onto a heated drum to produce a gelled film and
followed by heat-treatment and orientation
process. PET films are also widely used in many
applications because of the broad range of
mechanical, optical, and electrical properties
available.”* Properties of PET films result from an
ordered structure produced by means of
molecular orientation and crystallization.? Its film-
forming processes include melt extrusion of the
polymer, quenching the melt, orientation,
crystallization or heat setting, and stabilization or
relaxation as described elsewhere.” The orientation
is accomplished either in the direction of film travel
(machine direction, MD) or at right angles to the
direction of film travel (transverse direction, TD) or
in both directions.® For these polymer films, the
refractive indices three-dimensionally
measured by prism coupling and then the bire-
fringence, dielectric constants and polymer chain
orientation were estimated from them.

were

Experimental

Poly{p-phenylene biphenyltetracarboxamic acid)
(BPDA-PDA PAA) precursor {ca. 40 K M,; 10
wt% solid content) was synthesized in N-methyl-
2-pyrrolidinone (NMP) from the respective
dianhydride and diamine purified by sublimation.
The precursor polymer solution was spin-cast on
precleaned silicon wafers of ca. 5.0" diameter,
softbaked on a hot-plate at 85°C for 3 h, and
followed by thermal imidization at 400°C for 1.5
h in an oven under a nitrogen atmosphere.
Machine-rolled BPDA-PDA (ie., Upilex-S®) and
PET (ie, Mylar®) films in commercial grades
were obtained from Ube Chemical Company in
dapan and Du Pont Chemical Company in USA,
respectively. The film thickness was 23 um for
the spin-cast film, 25 pm for the Upilex-S film,
and 75 pm for the Mylar film.

Prism coupling measurements were performed
at air ambient with ca. 40% relative humidity
using a prism coupler made in our laboratory
{see Figure 2). The light source was a He-Ne
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Figure 2. Schematic diagram of prism coupler (left) and
typical prism-coupling pattern (right).

laser of 632.8 nm wavelength (i.e, 474.08 THz
frequency). The refractive index of films was
measured in transverse electric (TE) and
transverse magnetic (TM) modes by choosing the
appropriate polarization of the incident laser
beam as described elsewhere,*'* giving the in-
plane refractive index (ne=n,,) and the out-of-
plane refractive index (nw=n.), respectively. A
typical measurement begins by clamping a film
sample between the prism and the pressure
coupling head. A scan of the TE mode is made,
and the calculated TE refractive index and
thickness are recorded along with the in-coupling
positions found. Without moving the sample, a
scan of the TM mode is followed, and the
calculated TM refractive index is recorded along
with the incoupling positions found. For each film
sample circularly marked by the rotation angle ¢
which is defined with respect to the right side
of the TD as shown in Figure 3, these meas-
urements started along the direction
marked by @=0": Practically, the angle ¢ is the
angle between the TD (right side) and the prism.
Then, the film was just decoupled from the prism
by releasing the coupling head, and coun-
terclockwise rotated by 10° in the angle ¢,
followed by its coupling to the prism. And the
coupling pattern measurement in both TE and
TM modes was followed. The measurement was
repeated with varying the angle ¢ in an interval
of 10°, providing the in-plane and out-of-plane
refractive index, n,{¢@) and n.(¢) as a function of
the angle .

All measurements were performed using a
cubic zirconia prism of ne=nm=2.1677 at 632.8
nm. In the measurement, the resolution of
refractive index was +0.0005. The resolution of
film thickness was £0.3% only over the range of
0.5-25 pum thickness. Sometimes, it was difficult

were
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Figure 3. Schematic diagram of mounting of polymer film
on prism coupler.

to get a good coupling mode pattern for thick
films of >25 um. In that case, the refractive
index was determined in the following manner:
When a film with a refractive index (n) is intima-
tely contacted with a prism with a refractive
index (n,), laser light directed onto the base of
the prism is totally reflected at the prism base
until the angle of incidence (68) becomes lower
than the critical angle (68.). As 6 drops below 8.,
light starts to leak into the film and results in a
decrease in light intensity. Thus, 6. can be easily
determined by measuring light intensity with
varying incident angle. This measurement
was also performed in both TE and TM modes.
Then, the refractive index (n) can be estimated
from the critical angle (6) by the following

relationship:*"!

6. =arcsin(n/my ). (1)

The measured refractive index is related to the
polarizability (P) by the Lorenz-Lorentz equa-
tion.® For an anisotropic film medium, the bire-
fringence A,..(@), which is the difference between
the in-plane and the out-of-plane
indices at a given angle ¢, may be approximately
related to the principal polarizability difference.””
Furthermore, the birefringence A,,.(¢) is a meas-
ure of the polymer chain orientation and may be
expressed by the following equations:**

refractive
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Ay 2 (@) =1 (9)—1:(9)
= (/922 + 22| TP, Py f,  (2)

where n is the average refractive index [=(n,+n,+
n.)/3], P, is the polarizability along the polymer
chain axis, P, is the polarizability perpendicular

to the chain axis, and f; is the Hermans
orientation function” as defined by
f; =[3 <c0s?6; > 4 —1]/2. {3)

Here, 6, {orientation angle) is the angle between
the principal axis of the polymer chain i and a re-
ference axis. In general, structural polymers
including crystalline polymers are in the biphasic
(ordered and disordered) state. For the two
phase system, the birefringence with neglecting
the form birefringence is further generalized in
the following:*

Axy,z((p)=§4¢jfjAjo {4)

where ¢ is the volume fraction of phase j having
an orientation function f; and an intrinsic
birefringence A’. In addition to the A,.(@), the
birefringence A4., in the film plane can be
expressed below:

Ax,y =n}’((py:(px+90°)_nx((px) (5)

The film dielectric constant (&) can be estima-
ted from the measured refractive indices by the
simple Maxwell equation:

£=n? {6)
Results and Discussion

Optical and dielectric properties in spin-cast
BPDA-PDA films were previously studied by
prism-coupling, time-domain spectroscopy, and
permittivity measurement.”®"” According to the
studies, BPDA-PDA polymers are highly oriented
in the film plane, causing a large anisotropy in
the refractive indices and dielectric constants. In
addition, the anisotropy is a function of film
thickness.”® In the present study, the BPDA-PDA
film spin-cast on a silicon wafer was further
investigated three-dimensionally by the prism-
coupling technique. Prism-waveguide coupling
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patterns were measured in both TE and TM
modes at various angles ¢'s. Both in-plane and
out-of-plane refractive index, n.,(¢) and n.(¢),
were computed from the measured coupling
patterns. The BPDA-PDA film with a thickness of
23.0 pm exhibited an in-plane refractive index
nJ{@) of 1.8469-18482 [the variation &(n.)=
1.8482-1.8469=0.0013] and an out-of-plane
refractive index nf@) of 1.6217-1.6230 [8(n,)=
0.0013], depending upon the angle ¢, as shown
in Figure 4(A). The n.{9) was always higher than
the n.(@) over all the angles @'s. These caused a
large birefringence, A..(9) [=n,(@)-nle)], of
0.2250-0.2256 [8(A,,.)=0.0006] see Figure 4-B).
The BPDA-PDA polymer chain is pseudo-rodlike
and its polarizability along the chain axis is higher
than that in the direction normal to the chain axis.
That is, BPDA-PDA is a positively birefringent
polymer. Therefore, the high birefringence A.,.(¢)
indicates that the polymer chains were
preferentially oriented in the film plane. For the
film consisting of the in-plane oriented polymer
chains, the out-of-plane refractive index n.(¢)
should not be a function of the angle ¢. This is
evident in the map of the measured n.(¢@)'s (see
Figure 4-A). On the other hand, the in-plane
refractive index n.{@) may be dependent on a
specific alignment of the in-plane oriented
polymers in the film. However, the measured n,,
{¢) varied little with the angle @ in the film (see
Figure 4-A), leading to a very small in-plane
birefringence A, of <0.0007. This indicates that
the highly in-plane oriented polymer chains were
randomly aligned in the film plane. This is
obvious in the map of A,.(@) as illustrated in
Figure 4-B.

In the spin-cast film the molecular in-plane
orientation might be caused by the silicon wafer
substrate and the film-forming process employed.
When BPDA-PDA PAA precursor solution was
spin-coated on a silicon wafer substrate, the
precursor polymers may be stretched and aligned
along the radial direction in the wet film. Just af-
ter the spin-coating, they may quickly relax out
and immediately come back to the randomly
oriented state because of the presence of NMP
having a low vapor pressure and a high boiling
point of 202°C in a large quantity. However,
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Figure 4. Mapping of refractive indices and birefringence of
a spin-cast BPDA-PDA polyimide film with a thickness of 23
um: A), variations of n.{(¢) and n,(¢) with ¢; B), variation
of A,,.(¢) [=n,(0)-n,(¢)] with ¢. ¢ is the angle between the
prism and the TD (right side), the reference axis, in the film
plane.

during a drying process followed, the wet
precursor film on the substrate shrinks only in the
direction normal to the film plane due to the
evaporation of solvent and then vitrifies. The
dried, vitrified precursor film undergoes further
the one-directional shrinkage through its thermal
imidization process. For the dried precursor film,
the n,, was 1.6435 and the n, was 1.6262, giving
a relatively small birefringence 4,,. of 0.0172.
This indicates that the degree of molecular in-
plane orientation in the dried
precursor film. It is noted here that the refractive
indices and birefringence of the dried precursor
film may strongly depend on the amount of
residual solvent. However, through the thermal

is very low

imidization process the precursor polymers in a
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relatively more flexible chain conformation are
converted to the rodlike, rigid polyimide polymer
chains, resulting in a polyimide film having a high
degree of molecular in-plane orientation. There-
fore, the one-directional shrinkage accompanied
with the conversion of the flexible precursor to
the rodlike polyimide via thermal imidization
process favorably leads the rigid, rodlike
polyimide chains to highly align in the film plane.

The dielectric constants at 474.08 THz (ie.,
632.8 nm wavelength) were calculated from the
measured refractive indices. The anisotropy in the
refractive indices, due to the high in-plane
orientation of the polyimide chains, was directly
reflected to the dielectric constants, so that the
spin-cast film exhibited highly anisotropic
dielectric constants: The in-plane dielectric
constant £,{@) varied in the range of 3.4110-
3.4158, depending upon the angle ¢, and the out-
of-plane dielectric constant &(9) was 2.6299-
2.6341, resulting in a large dielectric anisotropy
of 0.7808-0.7825. The high anisotropy in the
dielectric constants may cause coupled-noises in
the electrical performance of densely integrated
microelectronic devices fabricated by the polymer
dielectric, as reported elsewhere.”

A high anisotropy in refractive indices was also
observed for the machine-rolled BPDA-PDA and
PET films (i.e., Upilex-S and Mylar films). For the
Upilex-S film, n.(@) varied with the angle ¢ over
the range of 1.8316-1.8871 [&(n,)=0.0555],
whereas n.(¢) varied in the range of 1.6302-
1.6522 [8(n,)=0.0220]. That is, over all the angle
¢'s, the in-plane refractive index was always
higher than the out-of-plane refractive index,
leading to a relatively high birefringence A,,.(¢@)
of 0.1859-0.2399 [5(4,,.)=0.0540]. These results
indicate that in the Upilex-S the rodlike BPDA-
PDA polymer chains are also highly aligned in
the film plane. However, contrary to the spin-cast
film, the Upilex-S film exhibited the refractive
indices and birefringence varied with the angle ¢
(see Figure 5). This angular variation is clearly
shown in the map of A,.(¢) (see Figure 5-B). In
addition, the map shows an ellipsoidal shape
rather than a circular one which was observed
for the spin-cast film. The A,.(¢) was a
maximum in the MD (ie., =90 and 270°) and
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Figure 5. Mapping of refractive indices and birefringence of
a machine-rolled BPDA-PDA (Upilex-S) polyimide film with
a thickness of 25 gm: A), variations of n,, (@) and n,(¢) with
¢; B), variation of 4,, {¢) {=n, (¢)-n(¢)] with ¢. @is the an-
gle between the prism and the TD (right side), the reference
axis, in the film plane.

a minimum in the TD (i.e.,, ¢=0" and 180°). This
indicates that the in-plane oriented polymer
chains were preferentially aligned to the MD,
rather than randomly oriented as observed in the
spin-cast film. This suggests that the film might
be oriented uniaxially along the MD or be mainly
stretched along the MD under a small portion of
stretching along the TD. The degree of the
uniaxial orientation is further examined in the
following: The n.(®)'s along the MD were 1.8871
and 1.8691 at ¢=90° and 270", respectively,
giving an averaged value of 1.8781, whereas
those along the TD were 1.8347 and 1.8325 ¢=
0° and 180", respectively, resulting in an avera-
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ged value of 1.8336. From the averaged n.(TD)
and n(MD), the in-plane birefringence A,, is
estimated to be 0.0445. This 4., is much smaller
than the "A,.(@)'s. Therefore, the degree of the
uniaxial orientation of the polymer chains along
the MD in the film plane was not high, in
comparison to that of their in-plane orientation.

The high anisotropy in the film refractive
indices led to the high anisotropy in the dielectric
constants. The in-plane dielectric constant, &,(¢)
was always higher than the out-of-plane dielec-
tric constant, £(@): The £,(@) was in the range of
3.3548-3.5611, depending upon the angle ¢,
whereas the &(¢) was in the range of 2.6576-
2.7298. The £,(¢) varied sensitively with ¢ and,
however, the £{¢) slightly varied.

Similar anisotropic behavior- in the refractive
indices was also observed for the Mylar film. As
shown in Figure 6{A), the n{¢) sensitively varied
over the range of 1.6361-1.6757 [8(n,)=0.0396],
depending upon the angle @, whereas the n.(¢)
slightly varied in the range of 1.4915-1.4931 (6
(n.)=0.0016]. The birefringence A,,.(@) varied in
the range of 0.1437-0.1832 [8(4,,.)=0.0395].
The PET polymer is also a positively birefringent
polymer. Therefore, the results indicate that the
polymer chains were highly aligned in the plane
of the Mylar film. The A,.(¢)'s were plotted in
Figure 6(B) as a function of ¢. The map shows
maximum birefringences at =30" and 200" and
minimum  values at ©=110" and 290°. This
indicates that the highly in-plane oriented PET
polymer chains were preferentially aligned along
the direction of @=25" and 205°, which is a
direction between the MD and the TD in the film-
forming process. This preferential alignment of
the polymer in the film plane might result from a
biaxial orientation in the MD and TD. The in-
plane birefringence A,, was estimated from
n.(@)'s at =30, 200°, 110° and 290° to be 0.0388.
The A, is much smaller than the A..(@)'s. This
result indicates that in the Mylar film the degree
of preferential alignment of the polymers along
the direction of =25 is relatively very low
compared to the molecular in-plane orientation.

The anisotropy in the refractive indices was
directly reflected to the film dielectric constants
as observed in both the spin-cast and the
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Figure 6. Mapping of refractive indices and birefringence of
a machine-rolled PET (Mylar) film with a thickness of 75
um: A), variations of n,(¢) and n(¢) with ¢; B), variation
of 4,,.(¢) [=n(®)-n,(¢)] with ¢. @ is the angle between the
prism and the TD (right side), the reference axis, in the film
plane.

machine-rolled BPDA-PDA film. The in-plane
dielectric constant was in the range of 2.6768-
2.8080, depending upon the angle @, whereas
the out-of-plane dielectric constant was in the
range of 2.2253-2.2293, resulting in a high
dielectric anisotropy Ae of 0.4495-0.5803.

Conclusions

Using the prism-waveguide coupling technique,
the three-dimensional refractive indices of both
spin-cast and machine-rolled polymer films on
substrates or in free-standing were measured
quantitatively: BPDA-PDA film spin-cast on a
silicon substrate, commercially machine-rolled

Korea Polym. J., Vol. 6, No. 3, 1998

BPDA-PDA and PET films. The film birefrin-
gences were estimated from the measured refrac-
tive indices, consequently providing information
about the orientation of polymer chains in the
films. In addition, the three-dimensional dielectric
constants were calculated from the measured
refractive indices by the simple Maxwell relation-
ship. Therefore, the mapping of optical and
dielectric properties in films can be easily made
by this prism coupling technique. The mapping of
film birefringences was demonstrated in this
study as an example.
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