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Abstract: We report the fabrication and the optical characterization of a
hybrid tunable integrated optical filter. It consists of a diffused ion-
exchanged channel waveguide on a borosilicate glass substrate with a cover
of the same glass to form a gap filled with a holographic grating. The
grating morphology, called POLICRYPS (POlymer Liquid CRYda
Polymer Slices), is made of alternating stripes of polymer and liquid crystal
acting as overlayer for the underneath waveguide. The filter structure
includes auminum coplanar electrodes to electrically control the grating
properties, allowing the tunability of the filter. The electric driving power
required to tune the filter obtained was in the range of submilliwatts due to
the efficient liquid crystal electro-optic effect.
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1. Introduction

Research of novel electro-optic materials has been driven to fabricate low cost optoelectronic
devices for different optical system applications. An important requirement is also low power
consumption especially for applications such as fiber-to-the-home or fiber-to-the-curb
systems, in order to keep system costs low. Optical filters with high performance to cost ratio
are required in spectral analysis modules used in fiber optic sensor systems as the
interrogation systems of fiber Bragg grating sensors used for structural health monitoring.

Recently composite materials have become quite attractive for their efficient electro-optic
effect. Among these novel composites made of polymer and liquid crystal (LC) such as H-
PDLC (Holographic Polymer Dispersed Liquid Crystals) [1] and POLICRYPS (POlymer
LIquid CRY stal Polymer Slices) [2] have been developed to make very efficient electro-optic
Bragg gratings operating in a free-space configuration for fiber-optic systems [3] and display
applications [4]. POLICRY PS have been also used as waveguides to make tunable microlaser
sources [5]. Moreover the idea of using liquid crystals as efficient electro-optic material is
quite interesting because of the possibility to make integrated optical switches[6], routers [7],
tunable devices [8][9], and beam deflectors for optical interconnects using slab waveguides
[10]. A PDLC electro-optic grating in combination with an half-coupler containing a single
mode fiber has been proposed to make electronically switchable waveguide Bragg grating for
wavelength division multiplexed (WDM) systems[11].

Since the refractive index of LC used for composite gratings ranges from 1.45 to 1.6 they
can be combined with either polymeric or glass optical waveguides which are simple and
cheap to fabricate. Such an hybrid approach can be proposed as a low cost alternative to the
different technologies developed in the past decades such as electro-optically [12] or acousto-
optic tunable filters/switches on LiNbO; [13] or in fibers [14]. In this paper the first
demongtration of an optical tunable filter made of a novel Bragg holographic grating with a
POLICRY PS morphology written over a channel ion-exchanged waveguide diffused in BK7
glass is described. The novelty of such an integrated optic tunable filter with respect to the
state of the art is the combination of an organic electro-optic composite grating structure with
a passive glass channel waveguide realized with a simple and low cost technology. In
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particular the advantages of using a channel rather than slab waveguides or optical fibers are
well-known: possibility to design planar lightwave circuits with various paths and above &l
the possibility to obtain easy fiber optic coupling for device packaging. Ultimately the novel
hybrid technological approach presented in this paper can be used to make a large variety of
low cost electro-optically controllable components on glass such as add-drop multiplexers,
optical switches and so on.

Main details of the fabrication process and the preliminary results of the optical response
of the integrated optical filter proposed here are reported.

2. Sample fabrication and working principle

The structure of the integrated optical filter based on POLICRYPS is sketched in Fig. 1. It
includes a borosilicate BK7 substrate including a channel in-diffused waveguide. A
POLICRYPS grating is placed as an overlayer of the waveguide between the substrate and a
glass cover. Coplanar electrodes are patterned aside the waveguide to drive the liquid crystal
molecules between the polymer walls of the composite grating like in in-plane switching LC
flat panel displays. A gap of 15 um between the electrodes, where the waveguides are located,
is wide enough to avoid optical losses induced by influence of auminum on the light
propagation in the optical channels.

The fabrication of the device started with the preparation of the optical waveguides on a
BK7 glass subgtrate. Channel in-diffused waveguides were fabricated by using double ion
exchange in melted salts [15]. After cleaning the substrate, a first ion exchange Na'-K* was
performed in melted KNO; for 80 min at 400 °C. An aluminum mask was then deposited by e-
beam vacuum evaporation and 6 um channels apertures were obtained by wet-etching process
in KOH. A second ion-exchange Ag*-Na" was then performed at 330 °C for 4 hours. Thermal
annealing at atemperature of 300 °C for 24 hours was then performed to have a more uniform
distribution of Ag" and consequently of the refractive index. This annealing also reduces
significantly propagation losses due to silver colloids. We have indeed measured a decrease of
the losses from 4 dBcm™* before annealing to less 1 dBem'™® after annealing.

A second lithographic step was carried out for partia removal of the same masking
aluminum to obtain autoaligned coplanar electrodes with a length of about 1 cm along the
optical waveguide. Hence costly vacuum processes are limited to one only.

Waveguide

BK7 Glass

Electrode

POLICRYPS grating ~~_

T

Fig. 1. Schematic of the optical filter using composite grating made of polymer and liquid
crystal (POLICRY PS) over an ion-exchanged waveguide.

A device was then assembled by placing the BK7 cover on top of the processed substrate
including the optical channel waveguides by using ball spacers mixed to the UV-curable glue
to redlize a gap of about 5 um. The assembled device is then filled by capillarity with a
mixture of 70% of UV-curable pre-polymer NOA61 and 30% of E7 nematic LC (NLC). Then
the standard POLICRY PS grating writing process [2] was performed on a stabilized setup
[16]. The cell was then placed in a hot stage holder to carry out the optical writing at the
temperature of about 63 °C above the nematic-isotropic transition phase of the NLC and pre-
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polymer which is about 61 °C. The writing process consisted in exposing the cell to an
interference pattern of two UV continuous wave laser beams at the wavelength of 351 nm
with a power density of about 10 mW/cm?. During exposure the pre-polymer is being cured
and slides of polymer separated by NLC are formed. The pitch of the grating fabricated for the
optical filter was estimated to be about 2.55 um, but the writing set-up can be calibrated to
obtain grating periods down to 0.5 um. Figure 2 shows a microscope image of atest prototype
without electrodes which shows the grating aligned with its wave vector parallel to the
underneath optical waveguide. Optical characterization of the sample without electrodes
showed that when no voltage is applied the LC molecules are aligned perpendicular to the
polymer stripes. Thus the NLC behaves as an optically anisotropic medium with its optica
axis along the director, which represents the average orientation of the LC molecules. The
optical axis or extraordinary axis is aso caled slow axis since the extraordinary refractive
index ne= 1.689 measured at the wavelength of about 1.55 um for pure E7 [17] is higher than
ordinary refractive index n, = 1.5 of the NLC related to any direction which is perpendicular
to the NLC director. Thus this direction represents the fast or ordinary axis. Since the
refractive index of the polymer at the wavelength of 1.55 pm is n,= 1.5419, the refractive
index mismatch between n, and n, induces an active grating therefore a filtering function for
the light propagating through the channel waveguide is expected. The refractive index
mismatch can be tuned by applying an electric field by means of the coplanar electrodes
inducing a reorientation of the NLC molecules in the plane of the substrate and hence of the
refractive index seen by the TE-like mode confined in the single-mode ion-exchanged glass
waveguide.

Fig. 2. Microscope image of the POLICRY PS grating written over a 6 um wide waveguide.
The white arrows below indicate the orientations of the fast or ordinary (0) axis and of the
extraordinary (€) or slow axis of the NLC.

An average effective refractive index of the waveguide of about negs = 1.52 was computed
by using a mode solver. The latter is fed with a complementary error function profile as
refractive index of the glass waveguide [15] and a perturbation of the overlaying grating is
considered when no externa voltage is applied. By considering a grating pitch of about
A = 255 pm, a Bragg wavelength Az= 2 ng A /m at about 1550 nm, in the C-band of fiber
optic systems, is expected for the fifth order (m=5) of diffraction.

3. Experimentals and discussion

The characterization of the tunable filter was carried out by using the experimental set-ups of
Fig. 3 to detect the optical transmitted and back-reflected spectra of the filter both with and
without applied electric field. After facets polishing and wire bonding the electrodes, input
and output endfaces of the sample were fiber butt-coupled.
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Fig. 3. Set-ups to measure the transmitted (&) and the reflected spectra (b) of the filter.

The optical characterization was performed by launching into the waveguide input the
spontaneous emission of an erbium-doped fiber amplifier, whose broad spectrum extends over
the whole C-band from 1530 nm to 1565 nm and is flat from 1540 nm. The input light
polarization was TE after passing through an in line fiber polarizer and a polarization
controller made of three rotating waveplates. As shown in Fig. 3a, the transmitted spectra
were detected by the optical spectrum analyzer after collecting the waveguide output light. In
order to detect the reflected spectra an optical circulator was used as shown in Fig. 3b.

Both transmitted and reflected optical responses normalized with respect to the EDFA
spectrum are plotted in Fig. 4. Figure 4a shows the transmitted notch spectrum with a
maximum depletion of about 20 dB at the wavelength of about 1552 nm, close to the
wavelength estimated by applying the Bragg law. At the same wavelength the back-reflected
pass-band response shows its transmission peak as Fig. 4b reports, with an FWVHM bandwidth
of about 5 nm. It was observed that the optical response, both in reflection and in
transmission, was polarization insensitive confirming that the alignment of the NLC
molecules was along the direction of propagation so the refractive index mismatch between n,
and n, is seen by any light polarization.

Some discrepancies between the two spectra of Fig. 4 and the corresponding spectra of an
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Fig. 4. Transmitted (a) and reflected spectra (b) of the filter normalized with respect to the
EDFA spectrum.
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ideal Bragg reflector can be noticed by observing the sidelobes intensity and the wavelengths
in which they occurs. In theory for normalized transmission T(A) and reflection R(A) spectra,
T(A)+R(\)= 1 holds. We argue that the different behavior of our device from an ideal Bragg
reflector is caused by the non-uniform power spectral distribution of the transmitted and back-
reflected substrate modes. These substrate modes are excited by the strong coupling effect of
the grating. As several different modes are likely to be excited, multibeam waveguide-
substrate and waveguide-cladding coupling occurs in the filter structure [18]. Multibeam
coupling is generated because the grating operates at the fifth order of diffraction and because
of the values of the refractive indexes of substrate, overlayers (grating and upper glass) and
channel waveguide. The substrate modes are finally collected by the input and output optical
fibers along with the guided mode. In particular, the set of transmitted substrate modes causes
out of band resonances at wavelengths which are different from the wavelengths of the
outband resonances caused by the set of the back-reflected substrate modes. Such resonances
overlapped to the waveguided spectra result in a non-uniform power distribution over the
entire spectral range of the filter optical response. Moreover, Fig. 4 aso shows that thereisa
large difference of over 20 dB between the peak of the reflected and of the transmitted power.
Among the many reasons that may cause such a large difference detected in this preliminary
measurements of our first filter prototype, we believe that the main contribution is given by
the total power of the substrate modes collected by the input fiber which is much higher than
the power of the substrate modes collected by the output optical fiber with the waveguided
filtered light. Another contribution to the difference between the transmitted and the reflected
power is also given by the additional back-reflected light at the input fiber-sample interface.
The optical insertion losses of this first sample realized primarily for preliminary concept
demonstration have not been evaluated precisely but they are quite high, in the order of 15 dB.
Such high losses are due to both multibeam coupling and non-adiabatic transition of light
from the channel waveguide to the POLICRY PS overlayer, induced by an average refractive
index of the grating which is still quite high compared with the refractive index of the optica
waveguide [19]. New samples with a 0.5 cm rather than 1 cm long grating operating at the
first order of diffraction and with novel NL C-prepolymer mixtures are currently under study
to reduce both multibeam coupling and optical losses.

As avoltage was applied to the coplanar electrodes the filter optical response was tuned. A
square-wave voltage of 1 kHz frequency was applied at different amplitudes from 10to 40 V.
This corresponds to an electric field of about 0.7-2.7 V/pum for the chosen gap of 15 um
between the electrodes. Figure 5 shows the overlap of the optical pass-bands of the filter
obtained as the voltage was changed. A tuning range of about 4 nm was achieved but only for
TE light. In fact the up-shift of the peak wavelength is due to the increase of n,e as a
consequence of an higher refractive index of the NLC “seen” by TE light according to the
well-known formula:

neno
JnZsin? 6+ n? cos’ 6

ne(6) = D

where @ is the voltage dependent tilt angle of the NLC director with respect the direction of
propagation.

The strong asymmetry of the reflected response indicates an imperfect uniformity of the
POLICRY PS structure along the waveguide as explained for analogous filters based on Bragg
gratings [20]. Such a lack of uniformity is in part due to the residuals of prepolymer in the
liquid crystal dlices, which also influences the value of the birefringence of the liquid crystal
as observed in preliminary observations by means of the polarized microscope. In fact a4 nm
tuning range is less than the tuning range expected from the E7 birefringence. Investigations
on the perturbation of the value of the E7 NLC birefringence in the POLICRY PS structure are
under way.
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When voltage was applied the current absorption was measured by using a precision
amperometer in order to calculate the power consumption of the filter. A current with an
effective value of few tens of A was measured, indicating a very low level of absorption by
the composite electro-optical grating. Such a low current supplied indicates that the filter
requires only afew hundreds of pW to be driven for the whole tuning range.

——— 40V
o) 30V
= —— 20V
(]
z — oV
=9

T T T
1530 1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)

Fig. 5. Overlapped reflected spectra obtained by varying the applied voltage, normalized with
respect to the EDFA spectrum.

4. Conclusions

We demonstrated a novel hybrid Bragg integrated optic filter on glass by combining ion-
exchanged channel waveguides and POLICRY PS composite holographic gratings using easily
commercialy available materials. The fabrication process is quite smple and preliminary
filter performance are promising for low cost fiber optic systems. Without optimization the
first prototype presented in this paper showed a passband with about 20 dB signal suppression
at the Bragg wavelength. A continuous tuning range of 4 nm was observed by applying a few
tens of volt corresponding to an electric field less than 3 V/um and with a very low current
absorption resulting in a submilliwatt driving power. The device can be optimized in terms of
grating pitch to obtain operation at the first order of diffraction, better uniformity, reduction of
optical losses and apodization to meet requirements for a large variety of fiber optic systems
both in the field of telecom and sensing.
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