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ABSTRACT

Thermo-optic coefficients dn/dT for TE- and TM-polarized lights (dntg/dT and dnrw/dT, respectively) were
measured for aromatic polyimide (PI) films formed on Si Substrates. The values of dn/dT for the average refractive
index (dn,,/dT) is in a range of =52 ~ —87 ppm/K, and amorphous PI films with large 7,, have large |dn,,/dT], which is
well accounted by the temperature derivative of the Lorenz-Lorenz equation. On the other hand, the absolute values of
dnrg/dT were significantly larger than those for dnmy/dT even for the PI films with very small polarization dependence in
refractive index (An; in-plane/out-of-plane birefringence). This result can not be explained by the temperature
derivative of the Vuks equation, which represents that the large polarization dependence in dn/dT is caused by the large
An. Polarization dependence in dn/dT for the PI films with small An is caused by the temperature dependence in large
stress birefringence. Based on these results, large thermal expansion and small stress birefringence (small residual
stress or small polarization anisotropy) is essential for achieving large |dn,,/dT] and small polarization dependence in
dn/dT. To demonstrate this assumption, dn/dT measurements were carried out for PI films derived from a fluorine-
containing dianhydride and aliphatic diamines, which exhibit loose chain packing and small polarizability anisotropy.
As a result, these PI films exhibit small polarization dependence in dr/dT, and relatively large dn,,/dT compared to the
aromatic PI films with almost the same 7,,.
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1. INTRODUCTION

Thermo-optic (TO) effect (i.e. thermally induced change in refractive index) attracts many attentions since the TO
effect can be used to construct many types of active optical waveguide components However, TO coefficient (dn/dT;
temperature gradient of refractive index) of silica' is small (ca. +10 ppm/K), therefore TO switches fabricated of silica-
based waveguide materials require large driving power. On the other hand, dn/dT for polymeric materials™ are one
order of magnitude larger (~ —10? ppm/K) than those for inorganic glasses. Since large |dn/dT] ensures small driving
power and high speed response, polymeric waveguide materials are good candidate for the optical components utilizing
TO effect. These active components must endure rapid and large temperature change in their use, therefore waveguide
materials must have high thermal stability. In this point of view, fluorine-containing polyimides (FPIs) have the
favorable properties™® such as small optical loss in visible to near IR regions, high glass transition temperature, and small
moisture sorption.

Optical waveguide components are generally fabricated on the Si substrates, hence, the values of dn/dT for polymer
films on the Si substrates are essential properties in the designs and the fabrications of active waveguide components
utilizing the TO effect. However, the reported values of dn/dT for polymer films s are limited for those having low
thermal stabilities.”®  Although we have reported passive properties of FPIs and FPI-based optical components such as
single-mode waveguides,” waveplates,'®'? and polarizers,'*'* we have not studied thermo-optic coefficients of FPI films.
Recently, we reported dn/dT for thermally stable aromatic PI films formed on Si substrates.'””  As a result of the study,
significant polarization dependences in dn/dT were observed for FPI films. Polarization dependence in dn/dT will
cause polarization dependence in the properties of optical components (e.g. reply time, required temperature change for
operations, and crosstalk noise), hence, precise control of polarization dependence in dn/dT is very important issue. In
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this study, we investigated the origins of polarization dependence in dn/dT observed in thermally stable FPI films, and
performed the control of TO coefficients and their polarization dependence.

2. EXPERIMENTAL
2.1 Preparations of polymer films

All PI films (thickness: 8 — 11 gm) were prepared by thermal imidization of their precursor, poly(amic acid)
(PAA) for aromatic PIs and poly(amic acid trimethylsilyl ester) (PASE) for semi-aliphatic PIs in this study. PAA
solutions were prepared by polycondensation of equimolar dianhydrides and diamines in N,N-dimethylacetamide
(DMAc). PASE solutions were prepared from equimolar dianhydrides and diamines using in situ silylation method'® in
DMAc. Precursor solutions were spin-coated onto 3-inch silicon wafers (coated with adhesion promoter), followed by
drying at 70°C for 30 min and thus thermal imidization at 350°C for 1 h under nitrogen flow. The heating rate was
5°C/min. Poly(methyl methacrylate) (PMMA) film was prepared by spin-coating of the toluene solution of PMMA.
Spin-coated PMMA solution was dried at 40°C/20 min, 65°C/20 min, and 80°C/20min in a convection oven, followed
by annealing at 120°C under reduced pressure.

2.2 Variable temperature measurement of refractive index

A prism coupler (Metricon, model PC-2000) equipped with a home-built temperature controlling apparatus was
used for the refractive index measurements at elevated temperatures. The temperature controlling apparatus is shown in
Fig. 1. Measurement system is heated by the ceramic heaters (100V / 1A, 10 x 20 mm) glued on the prism cramp and a
supporting 4-inch silicon substrate. The temperature was controlled by adjustable voltage. Conductive silver paste
was used as an adhesive between the supporting substrate and the sample substrate to achieve good thermal contact.
Sample temperature was monitored by a K-type thermocouple glued on the prism with a small amount of silver paste.
A laser beam (4 = 1.32 um) with TE and TM polarization was used for the measurements. The refractive index of the
prism (gallium gadolinium garnet) at each temperature was calculated using the values'” of Mprism = 1.939 at 25°C and
dAnpism/dT = +17.2 ppm/K at a wavelength of 1.32 um. In order to avoid the effect of moisture sorption, all
measurements were proceeded on the cooling cycle from 85°C to 35°C on a dried atmosphere (~20 % relative humidity).
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Fig. 1. (a) Schematic and (b) photograph of measurement system of refractive index with temperature controlling apparatus.

2.3 Measurement of residual stress

Residual stress o on the films formed on Si substrates were calculated from the curvature of the samples R
using the relationship'® expressed as follows:

E 2
oo b K1 1 (1)
6(1-v,)t; (R R,
where Eg, v;, £, t;, and R, represent the Young’ moduli, the Poison’s ratio, thickness of the substrates (380 xm), thickness

of the polymer films, and initial curvature of the substrates without films, respectively. The value of Ey/(1—-14) is 30087
MPa for the Si substrates. Curvature R of the samples were measured using a depth profiler (Veeco Instruments,



Dektak 3), and 1/R, was considered as zero since the surfaces of the Si substrates were flat and 1/R, is negligibly small
compared to 1/R.

2.4 Measurement of stress-optical coefficients

The values of stress-optical coefficients were evaluated from the relationship between the applied stress and
retardation with a series of incident beam angles. Length, width, and thickness of the samples (without clipping area)
were 50 mm, 8 mm, and 10 um, respectively. Applied stress is limited in a range of 0.1 to 5 MPa to prevent the
irreversible deformations of the samples.

Glass transition temperatures of polyimides were evaluated using the differential scanning calorimeter (Seiko
Instruments, Inc., SSC/5200 DSC 220) with a heating rate of 20°C/min. Thermal stabilities of polyimides were
evaluated using thermogravimetric analyzer (Shimadzu Corporation, TGA-50) with a heating rate of 10°C/min under
nitrogen.

3. RESULTS
3.1 Thermo-optic coefficients and their polarization dependence for polyimide films

Experimental values of refractive indices (n,,), in-plane/out-of-plane birefringence (An), residual stress (o), and
thermo-optic properties for seven kinds of aromatic PI (Fig. 2) films are shown in Table 1. The values of n,, and An are
consistent with those previously reported for these PI films."” Seven kinds of PI films distinctively differ in their
optical properties, especially in An.  The films of PI 1-3 exhibit large An, whereas PI 4-7 exhibit very small An, which
reflects the difference in the degrees of chain orientations. It is noted that the value of dn,,/dT for PMMA film in this
study is smaller than that reported previously.® The large value of dn/dT in previous study may be caused by the
sorption of moisture during temperature changes.'>*"*!
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Fig. 2. Molecular structures of aromatic polyimides used in this study.

At first, we investigate the relationship between the molecular structures and dn/dT for average refractive
indices (dn,,/dT). Theoretically, dn,,/dT is related to the n,, and volume expansion coefficient 5 as follows:

dn 3 @
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According to Eq. 2, large |dn,,/dT] is achieved by high n,, or large 5. As shown in Fig 3, dn,,/dT for amorphous PI
films were closely related to n,, although film of PI 1 (BPDA/PDA), which PI readily forms crystalline or ordered phase,
did not exhibit large |dn,,/dT| despite the large n,,. The small dn,/dT for PI 1 originated from the small volume
expansion coefficient 5> Compared to the other optical polymers, dn,,/dT for PI films were not large (e.g. dna/dT =
—88 ppm/K for PMMA) despite the large n,, of aromatic PIs. According to Eq. 2, this result represents that the thermal




Table 1. Average refractive index (n,,), in-plane/out-of-plane birefringence (An), in-plane, out-of-plane, average thermo-optic
coefficients (dntg/dT, dn\/dT, and dn,,/dT, respectively), polarization dependence in thermo-optic coefficients (d(An)/dT), and
residual stress (o) of polymer films formed on Si substrates. Optical properties were measured at 36.6°C under dried (~20%
relative humidity) atmosphere.

dng/dT dnr/dT dny/dT — d(An)dT o’
polymer Mgy An? [ppm/K] [ppm/K] [ppm/K] [ppm/K] [MPa]
1 BPDA/PDA 1.7191 0.1874 -99 —60 —87 -39 -13.4
2 PMDA/TFDB 1.5691 0.1151 -87 -78 -84 -9 -21.5
3 PMDA/ODA 1.6469 0.0693 -99 =59 —-86 —40 234
4 ODPA/ODA 1.6425 0.0099 —88 =53 76 -34 42.8
5 10FEDA/4AFMPD 1.5221 0.0074 =72 —48 —64 24 60.0
6 6FDA/TFDB 1.5180 0.0076 =57 —41 =52 -16 53.2
7 6FDA/ODA 1.5604 0.0074 -76 =57 =70 -20 47.8
PMMA 1.4782 —0.0003 -87 -89 —88 2 ~0

nel =2 nrge i, D AR =R — i, € d(An)/dT = dntg/dT — dnm/dT, d positve o represents expansion stress.

expansion £ is small for aromatic PIs, which caused by rigid structures of aromatic PIs and strong intermolecular
interactions derived from the imide structures.

On the other hand, polarization dependence in dn/dT of a medium without CTE anisotropy can be expressed
from the temperature derivative of the Vuks equation® as follows:

dnpg _dnpy _ d(An) _ n2av 1+ 1 dn,, . 3)
dT dT ar - n," -1 dT

According to Eq. 3, polarization dependence in dn/dT does not exist for PI films without An (e.g. PMMA film).
However, all PI films virtually exhibit significant polarization dependence in dn/dT as shown in Fig. 4. It is noted that
the PI films with very small An (PI 4-7) exhibit polarization dependence in dn/dT in the same degree as highly oriented
PI films (PI 1-3). Regarding the PI 4-7, the degrees of chain orientation are very small, hence the anisotropy in CTE
should be very small. However, PMMA film, which also exhibits very small degree of chain orientation, does not
shows polarization dependence in dn/dT. Most important difference between the films of PMMA and PI 4-7 is the
magnitude of residual stress. Since the PI films have large moduli and large CTE mismatch to Si substrates, large
expansion stress (and its temperature dependence) remains in the films of PI 4-7 (see Table 1). Moreover, the residual
stress decreases with increasing temperature,”* hence, stress birefringence exhibits large temperature dependence. This
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means that temperature change in nyy, is larger than that of nmy.>  To investigate how much the temperature dependence
in stress birefringence affects on d(An)/dT in the films of Pl 4-7, we calculate the value of d(An)/dT derived from
residual stress.  The relationship between the residual stress o and d(An)/dT is expressed as follows:
d(An) =, 4o Cy 2 )

T residual stress dT AT
where Cg' is the biaxial in-plane/out-of-plane stress-optical coefficient and AT is the difference between the room
temperature and the glass transition temperature 7, (or imidization temperature 7; in case that 7, > T;). Using the
experimental value of Cg' for PI 7 (ca. 120 ppm/MPa), d(An)/dT derived from residual stress is calculated as —20 ppm/K
for PI 7, which is very close to the experimental value of d(An)/dT. Therefore, we conclude that the temperature

dependence in residual stress is the main origin of d(An)/dT in the films of polyimides for light waveguide applications.
3.2 Control of polarization dependence in TO coefficients

As mentioned in the section 1, there exist many applications of thermo-optic effect on active waveguide
components. Large |dn,/dT] and negligibly small d(An)/dT are desired for the waveguide materials to high speed
responses, low power consumptions, and low crosstalk in those applications. Based on the investigations in section 3.1,
we can introduce some strategies to achieve large |dn,,/dT] and small d(An)/dT. At first, we consider the strategy for
achieving large |dn,/dT|. According to Eq. 2, large |dn,,/dT] is achieved in PIs with high n,, and large . In fact,
amorphous PIs having high n,, exhibited large |dn,,/dT] as shown in Fig. 3. However, it is difficult to obtain PIs having
higher n,, than those shown in Table 1 since aromatic moiety is one of the most polarizable molecular structures
available in organic polymers. Moreover, fluorine atoms are frequently introduced in the molecular structures of
polymeric waveguide materials to reduce optical loss, which causes decrease in n,,. Therefore, to enlarge £ is more
available way to increase |dn,,/dT]. In the case of aromatic PIs, f will become large by the hindrance of intermolecular
interaction and the reduction of rigidity of main chains of PIs.

Next, we consider the strategy for achieving small d(An)/dT. As mentioned in the previous section,
temperature dependence of stress birefringence is the origin of d(An)/dT in waveguide PI films. Since the temperature
dependence of o is caused by the mismatch in CTE between the films and substrates, do/dT can be expressed as follows:

do E;

T as)l_vf )
where o and ¢ represent in-plane CTE of polymer films and substrates, respectively. According to Egs. 4 and 5, there
are three approaches to reduce d(An)/dT; (a) reduce the CTE mismatch between the substrate and the PI, (b) reduce the
stress-optical coefficient Cg', and (¢) reduce the modulus of PI film. However, it is difficult to reduce CTE mismatch
on waveguide PI films. Although large degree of chain orientation is needed for matching of CTE between the Si
substrates and PI films,'® chain orientation generally causes polarization dependence in optical properties of PI films.
On the other hand, small anisotropy in polarizability will bring small stress-optical coefficients,” hence, introduction of
flexible and little-planer molecular structure is effective to reduce Cg' of PIs. Moreover, flexible structure will hinder
the intermolecular interactions, thus modulus of PI will also be reduced by the introduction of flexible structures.

In order to achieve large |dn,/dT| and small d(Dn)/dT, we examined the use of alicyclic diamines, 4,4’-
methylenebis(cyclohexylamine) (DCHM). Since the molecular structure of DCHM has flexible methylene (-CH2-)
linkage and much kinked cyclohexane moieties, the use of DCHM will reduce intermolecular interactions by the
hindrance of dense molecular packing. Further, replacement of benzene rings by cyclohexane structures will reduce
Cg' since benzene ring exhibits large anisotropy in polarizability. ~Although aliphatic diamines are generally difficult to
prepare high molecular-weight PAA solutions, we can obtain good semi-aliphatic PI films from thermal imidization of
PASE solution using in situ silylation method. Molecular structures of semi-aliphatic PIs used in this study are shown
in Fig. 4. All semi-aliphatic PI films are transparent without any cracks.



Table 2. The values of n,y, An, dntg/dT, dnm\W/dT, dn,,/dT, d(An)/dT, and residual stress o of semi-aliphatic polyimide films formed
on Si substrates. Optical properties were measured at 36.6°C under dried atmosphere (~20% relative humidity).

dnrg/dT dnpl/dT dng/dT d(An)/dT ¢ o
polymer Mgy “ An? [ppm/K] [ppm/K] [ppm/K] [ppm/K] [MPa]
8 ODPA/DCHM 1.5709 0.0042 -92 74 -86 -18 19.4
9 10FEDA/DCHM 1.5182 0.0056 -83 —64 =77 -19 31.7
10 6FDA/DCHM 1.5079 0.0028 -73 —64 -70 -9 37.8

Cnpt=2nmet e, P An=nmg— s < d(AnVAT = dnyeldT — dnp/dT, ¢ positve orepresents expansion stress.
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Fig. 5. Molecular structures of semi-aliphatic polyimides used in this study.

As shown in Table 2, all semi-aliphatic PI films exhibited very low n,,, which shopuld bring small Rayleigh
scattering loss. Moreover, these PI films exhibited smaller An than the aromatic FPI films because of low linearity of
molecular structures and small residual stress. Thermo-optic properties of the semi-aliphatic PIs also differed
significantly from the aromatic PIs using the same dianhydrides. The semi-aliphatic PIs exhibited relatively large
|dn,,/dT| despite the small n,,, which represents that the thermal volume expansion S for the semi-aliphatic PIs are
significantly large compared to those for the aromatic PIs. In addition, d(An)/dT for the semi-aliphatic PIs were smaller
than those for aromatic PIs. It is noted that the residual stress on the semi-aliphatic PIs were much smaller than those
on the amorphous aromatic PIs even though the large £ should cause large CTE mismatch. This result shows that the
moduli of the semi-aliphatic PIs are much smaller than those of the aromatic Pls.

To evaluate the effect of the introductions of the alicyclic diamine on the properties of optical components,
calculated values of required temperature change (¢,) for 0.3% decrease in nrg or nry (i.e. required temperature change to
turn off the TO switch with a relative refractive index difference of 0.3%) are shown in Fig. 6. Since |dn/dT] for the
semi-aliphatic PIs are larger than those for the aromatic Pls despite the small refractive indices, "~ and #."" for the semi-
aliphatic PIs are significantly smaller than those for the aromatic PIs. Furthermore, polarization dependence in ¢, are
reduced by the use of DCHM, which is obtained by large |dn,/dT] and small d(An)/dT. In paticular, PI 10
(6FDA/DCHM) exhibits very small polarization dependence in #,.
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Thermal properties are also important for waveguide materials utilizing TO effect. The values of glass transition
temperatures (7,) for the semi-aliphatic PIs were above 200°C, which are smaller than those for aromatic FPIs" (323°C



and 304°C for PI 6 and 7, respectively). The use of flexible and kinked DCHM causes reduction of the intermolecular
interactions. Since the values of ¢, for the semi-aliphatic PIs are smaller than those for the aromatic PlIs, relatively low
T, will not make a severe problem for practical use. On the other hand, the values of thermal decomposition
temperautre (7,’; temperature at which the thermal decomposition loss of the sample weight reaches 5%) is above
390°C, hence, the semi-aliphatic PIs should endure reperating temeprature changes in active waveguide components.

4. CONCLUSIONS

In the former part of the paper, we investigated the molecular structure dependence of thermo-optic coefficients
dn/dT and the origins of their polarization dependence using the experimental data for the aromatic PIs. As shown in
Fig. 3, amorphous PIs with high n,, exhibited large average thermo-optic coefficient dn,,/dT. However, all PI did not
exhibited larger | dn,,/dT | than PMMA, which reflects the PIs’ small thermal volume expansion S derived from strong
intermolecular interactions. On the other hand the amorphous PI films having very small An exhibited significant
d(An)/dT in the same order as the highly oriented PI films. The large d(An)/dT for un-oriented PI films were caused by
the temeprature dependence of residual stress (see Egs. 4 and 5).

Based on the relations between the molecular structures and the thermo-optic properties of the PI films, we
proposed some strategies for obtaining large |dn,,/dT| and small d(An)/dT. Since the increase in n,, is difficult for
aromatic PIs, increase £ by the introduction of flexible and kinked structure was chosen to enlarge |dn,,/d7]. On the
other hand, there are three approaches to achieve small d(An)/dT; (a) small CTE mismatch between the substrates and the
PIs, (b) small C¢', and (c) small modulus of PI film. In this study, we used alicyclic diamine DCHM to realize (b) and
(c). Resultant semi-aliphatic PIs exhibited cleary large |dn,,/dT] and small d(An)/dT compared to the aromatic PIs. As
shown in Fig. 6, polarization dependence of the properties of active waveguide components using semi-aliphatic PIs will
be significantly reduce. Furthermore, therse semi-aliphatic PIs exibited small residual stress, high thermal stability, and
acceptably high 7,s. Hence, we can conclude that the introduction of alicyclic moieties into the main chains of Pls is an
effective approach to acheice favorable thermo-optic properties in polymeric waveguide materials.
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