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Abstract: Ubiquitous, low power consumption and high bandwidth density
communication will require passive athermal optical filters for WDM
transceivers in Si-CMOS architecture. Two silicon-polymer composite
structures, deposited using initiated chemical vapor deposition (iCVD),
poly(perfluorodecyl acrylate) (pPFDA) and poly(perfluorodecyl acrylate-
co-divinyl benzene) p(PFDA-co-DVB), are analyzed as candidates for
thermal compensation. The addition of DVB to a fluorinated acrylate
backbone reduces the C-F bond density, increases the density in the
copolymer and thereby increases refractive index. The addition of DVB also
increases the volume expansion coefficient of the copolymer, resulting in an
increased thermo-optic (TO) coefficient for the copolymer system. The
increased index and TO coefficient of the co-polymer gives improved bend
loss, footprint and FSR performance for athermal silicon photonic circuits.

©2012 Optical Society of America

OCIS codes: (130.2790) Guided waves; (130.3130) Integrated optics materials; (160.5470)
Polymers; (160.6840) Thermo-optical materials; (230.5750) Resonators; (230.7380)
Waveguides, channeled.
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1. Introduction

Optical devices based on polymers have been demonstrated [1] to show an excellent
performance owing to their wide range of achievable refractive indices and low optical loss in
C and L band. Flexibility and toughness in polymer materials have been utilized to design 3D
all-polymer optical devices [2,3]. With significant power savings driving the need for passive
athermal design for a Si WDM system [4], polymers with negative thermo-optic (TO)
coefficient have proved to be a possible cladding choice [5-11]. In this sense, due to its
chemical stability, low refractive index and moisture absorption fluorinated polymers have
gained increasing attention to be used as a top cladding in a-Si core devices.

Silicon has a high thermo-optic (TO) coefficient (1.86 x 10_4) and the magnitude of the
TO coefficient of the polymer chosen should be higher than that of silicon and of opposite
sign to achieve athermal operation. Polymers can have a wide range of TO coefficients (-1 x
10 to =3 x 10" depending on their chemical composition and packing volume. It is
desirable to choose an optimum combination of refractive index and TO coefficient to achieve
the best optical performance of an athermal Si filter with low footprint and high free spectral
range (FSR). This paper utilizes a fluorinated acrylate polymer as a top cladding to
compensate for the positive TO effects of a-Si core based racetrack rings deposited on a SiO,
under-cladding. Initiated chemical vapor deposition (iCVD), a solvent-free technique, can be
used to tailor polyfluoroacrylates polymers without any significant cross-linking [12]. In this
paper, we explore the possibilities of tailoring the TO properties of a fluorinated polymer by
reacting it with a cross-linker. TO properties of 2 polymer cladding choices,
poly(perfluorodecyl acrylate) (pPFDA) and poly(perfluorodecyl acrylate-co-divinyl benzene
(p(PFDA-co-DVB)), deposited using iCVD are compared. The addition of the cross-linker,
DVB, results in a co-polymer (p(PFDA-co-DVB)) with a higher TO coefficient in comparison
to the homopolymer pPFDA.

2. Theory: refractive index and TO of fluoropolymers

The refractive index of a polymer is related to its packing density (free volume), polarizability
(molar refraction), and the difference between its maximum absorption wavelength and the
used optical wavelength [1]. The Lorenz-Lorentz equation (Eq. (1)) has been used to describe
the relation between the refractive index (n), molar refraction (R), and molar volume (V) of a
polymer [13].

2
n-1 R
= (1)
n+2 V
The addition of fluorine decreases the refractive index of a polymer due to three different
contributions: increased free volume (V) due to steric hindrance, smaller electronic
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polarization (R) of C-F bond relative to C-H bond, and a larger difference between the optical
wavelength and the maximum absorption wavelength of C-F compared to C-H [1,13]. Near
the communications window (1450 nm —1620 nm), the C-H bond has a 2nd order vibration
overtone at 1729nm, while C-F has higher order overtones (5th, 6th and 7th) at 1626 nm,
1361 nm, and 1171 nm respectively. Hence, fluorine substitution reduces the optical losses of
polymers due to the reduction of C-H bond density and the associated vibration overtone.

The TO coefficient of polymers can be derived from Eq. (1), where we assume that the
variation of molar refraction (R) with temperature to be insignificant for polymers.

nﬂ: 3 zﬂ,whereng 2)
dT  (1-x)"dT Vv
dx 1dR
—=———xaq,
dT vV dT (3

where a,is the volume expansion coefficient

For polymers, it is the 2nd term in Eq. (3) that dominates the temperature dependence.
Hence, from Egs. (1), (2), and (3) one can derive a relation between the thermo-optic
coefficient, refractive index and volume expansion coefficient (Eq. (4)).

dn__ (@ -D@'+D) @
dT 6n

3. Initiated chemical vapor deposition (iCVD) of pPFDA and p(PFDA-co-DVB)

Initiated chemical vapor deposition (iCVD) is a solvent free, low energy and one-step method
to deposit polymers [12, 14, 15]. This deposition involves vapor-phase delivery of initiator
and monomer into a vacuum chamber (Pressure: 0.1-1 Torr), where the initiator is thermally
activated due to filament wires heated between 200°C - 400°C. This is followed by diffusion
and adsorption of initiator radicals and monomer on the substrate that is maintained at a lower
temperature (15°C - 40°C). Polymerization of the monomer occurs on the substrate surface
via classical free radical polymerization at rates as high as 375 nm/min [14].

Two polymer choices, 1) Poly(1H,1H,2H,2H-perfluorodecylacrylate) (pPFDA, CH, =
CHCOOCH,CH,(CF,);-CF;) and 2) co-polymer of PFDA and DVB (p(PFDA-co-DVB) are
deposited on blank Si wafers using iCVD technique with 7-butyl peroxide (TBPO) as the
initiator. Different flow rates of DVB (0.15 sccm, 0.3 sccm and 0.6 sccm) are used for a given
flow rate of PFDA (0.3 sccm) to study the addition of DVB on the polymer composition.
Given the same thin film thickness in the samples, FTIR spectrum (Fig. 1) reveals significant
reduction in C-F (1149, 1203, 1232 cm™") and C = O (1738 cm™") [12] bond density in the co-
polymer (p(PFDA-co-DVB)) compared to the homo-polymer (pPFDA) as a consequence of
the incorporation of DVB.

The thermal degradation of the acrylate family is mainly due to C = O bond dissociation
and occurs around 250°C — 300°C [10, 16, 17]. However, our previous work [10] has shown
that at low temperatures, high density plasma chemical vapor deposition of dielectrics can be
carried out to hermetically seal such a polymer and make it compatible for multi-layer
stacking. Also, Ma et. al [1] have discussed the processability and various patterning
techniques of halogenated acrylates in detail thereby encouraging the adoption of this class of
polymers for our study. Recently, iCVD based patterning technique of pPFDA on curved
substrates has also been explored [18]. It is important to note that the patterning associated
edge roughness doesn’t affect the loss performance of the device as the polymer is used as an
over-cladding where its edge does not interact with the optical mode.
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Fig. 1. Characteristic FTIR bands of pPFDA correspond to —CF,-CF; end group at 1149 cm™,
symmetric stretching of -CF, moiety at 1203 cm™, asymmetric stretching of —CF, moiety at
1232 cm™, and C = O stretching at 1738 cm™'. Addition of DVB as a cross- linker brings down
the intensity of these characteristic bands in the copolymer.

4. Refractive index and TO performance

The addition of DVB affects the optical properties of the polymer in two ways. Firstly, the
addition of an aromatic group improves the packing density thereby increasing the refractive
index. Secondly, the decrease in C-F bond density has an associated increase in “x” (Eq. (2))
and a corresponding increase in n. This is supported by the index measurements at 633 nm
where n(pPFDA): 1.33, n(pDVB): 1.57 and n(p(PFDA-co-DVB)): 1.38.

The TO coefficients of the polymer can be measured by using them as a top cladding for
an amorphous Si (a-Si) racetrack resonator. The transmission spectrum of the resonator at
various temperatures reveals the resonance peak shift with temperature which can be related
to the effective TO coefficient of the device (Eq. (5)). The TO coefficient of the polymer can
be deduced from the effective TO coefficient of the device as the TO coefficients of a-Si (2.3
x 107 and SiO, under-cladding (1 x 107) are known.

1dng, 1dA
n, dT A dT
The TM transmission resonances corresponding to racetrack resonators (coupling length:
100 um, coupling gap: 600 nm, ring radius: 20 pm) with a-Si core (550 nm x 205 nm), 3 um
SiO, under-cladding and 2 pm iCVD polymers (Fig. 2 inset) are measured between 25°C-
70°C. The TO peak shift for PFDA (flow rate: 0.6 sccm) cladded devices is positive
compared to that of the co-polymer (PFDA flow rate: 0.6 sccm, DVB flow rate: 1 sccm)
cladded rings suggesting a significant increase in the magnitude of the TO coefficient due to
DVB addition (Fig. 2). FIMMWAVE simulations suggest that PFDA has a TO coefficient of
—2.1 x 107" while the co-polymer has a TO coefficient of —3.1 x 10~*. The increase of the TO
coefficient by 1.48x due to the addition of DVB can be understood from Eq. (4). The index
increases by 1.04x on DVB addition which translates to a 1.17x increase in the index
dependence factor of the TO coefficient in Eq. (4). The remaining increase in TO coefficient
can be attributed to the increased ay of the co-polymer due to the addition of DVB with
higher ay (8.6 x 107 [19]) to an acrylate with lower ay (0.5 - 0.9 x 107 [20]). It can also be
understood by the reduction of strong C-F bonds in the co-polymer increasing its ay.

&)
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Fig. 2. The resonance peak shift with temperature is positive for the pPFDA top cladding while
negative for the p(PFDA-co-DVB) top cladding suggesting that the TO magnitude of
copolymer (3.1 x 107 is higher than that of pPFDA (-2.1 x 10™). The inset shows the
schematic of a-Si resonator whose TM transmission is measured at various temperatures for 2
different iCVD polymer top cladding choices: pPFDA (flow rate: 0.6 sccm) and p(PFDA-co-
DVB) (flow rate: 0.6 sccm) (flow rate: 1 sccm).

5. Design implications

For a given core choice, a polymer top cladding with higher index and higher TO magnitude
is desired for athermal applications. This is because a higher index would lower the index
contrast thereby ensuring greater mode expansion into the cladding. Similarly, a higher TO
magnitude of the cladding would mean passive thermal compensation for a larger core
dimension. For instance, assuming an a-Si core (n: 3.48, TO: 2.3 x 10’4) and SiO, under-
cladding (n: 1.46, TO: 1 x 107), the bending loss performance of pPFDA (n: 1.33, TO: =2.1 x
10_4) and p(PFDA-co-DVB) (n: 1.38, TO: -3.1 x 10_4) cladded devices can be compared for
athermal design for a TM mode choice. The pPFDA has a lower TO coefficient than p(PFDA-
co-DVB). Hence, thermal compensation of a-Si core occurs at a much lower confinement
factor for the homo-polymer cladding compared to the co-polymer cladding. FIMMWAVE
simulations indicate that pPFDA cladded devices have an n,; of 1.6 for athermal core
dimension of 550 nm x 190 nm, while p(PFDA-co-DVB) cladded devices have an n.y of 1.78
for a core dimension of 550 nm x 212 nm. Higher n.4 of p(PFDA-co-DVB) cladded device at
athermal condition results in a tighter confinement for a given bending radius resulting in a
higher bending Q (Fig. 3). Hence, for a bending Q of 10* (minimum desired bending Q for a
good filter performance), FIMMWAVE simulations indicate that co-polymer cladded device
has a bending radius of 5 um (Fig. 3) and an FSR of 20 nm which is twice the FSR of the
PFDA cladded device (10 nm for bending radius of 12.5 pm). In a Si WDM architecture with
a given channel spacing, a 100% improvement in FSR and footprint (Fig. 3) performance
results in twice the number of channels thereby doubling the bandwidth capacity.

#172210 - $15.00 USD  Received 10 Jul 2012; revised 13 Aug 2012; accepted 16 Aug 2012; published 27 Aug 2012
(C) 2012 OSA 10 September 2012 / Vol. 20, No. 19 / OPTICS EXPRESS 20812



10'

| Q=18525+11.89 exp(l.392R )
. 10
=]
R Qo+ LM OSR) e
&
(o4
2101
=
E 1G] *  p(PFDA-co-DVB) cladding

¢ pPFDA cladding
10 Exponential fit for p(PFDA-co-DVB)
Exponential fit for pPFDA
14— ‘ ‘ . ‘ . ‘ . ‘

5 6 7 8 9 10 11 12 13
Bending radius (R_ pm}

Fig. 3. Bending loss performance of both the cladding choices are compared by plotting the
simulated bending Q for various bending radii. For a bending Q of 10, co-polymer cladded
device has a bending radius of 5 um while that of PFDA cladded device is 12.5 um

6. Summary and conclusions

This work utilizes iCVD to compare the optical properties of pPFDA and its co-polymer with
DVB (p(PFDA-co-DVB)). According to our experiments, C-F bond density seems to be the
crucial controlling parameter for the n and TO properties of the fluorinated acrylates. Co-
polymerization of PFDA with DVB decreases the C-F bond density that increases the packing
density thereby increasing n. The increased TO coefficient of the co-polymer arises due to
increased n and oy accompanying the DVB addition. This opens up possibilities of tailoring
the TO coefficient of PFDA by controlling the degree of cross-linking with DVB. A
significant improvement in footprint and FSR performance of an athermal device, for a given
core choice, can be achieved by tailoring the properties of the polymer top cladding.
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