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Abstract: This paper reports on the design, fabrication and characterization of an all-organic
photonic integrated circuit working as a switching polarizer for visible light (630nm), combining
organic waveguides and liquid crystals that can be electrically driven. The device was made in
commercially available epoxy by laser direct writing lithography. A device with a 2dB loss and a
20dB extinction ratio for both polarizations, was simulated; the manufactured devices proved the
working principle of the design. The results have led to the design of a switching polarization
splitter, in which a careful choice of waveguide material and liquid crystal can lead to devices
working on a wide range of wavelengths.
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1. Introduction

Photonics integrated circuits (PICs) have many potential applications [1-3] including next
generation optical networks. The most employed platforms are silicon on insulator (SOI) and
Indium Phosphide (InP) [4]. InP allows for manufacturing of passive and active devices in the
same platform technology [5]. On the other hand, the SOI compatibility with CMOS technology
leads to excellent processing control, low cost and high volume processing. Furthermore, SOI
enables ultra- sharp bends in the optical waveguide, because of their high refractive index
contrast [6] allowing for high device density and hence integration level.

Polymer waveguides are in some contexts an attractive alternative platform to SOI and InP due
to their intrinsic low propagation losses in the visible and near infrared ranges, their relatively
simple manufacturing procedures and their reasonable cost [7]. Nowadays, polymer based PICs
are mainly being used as Mode Field Diameter (MFD) adapting interconnections between
conventional inorganic densely integrated SOI PICs (small MFD) [8, 9], and telecom fiber (large
MFD). Polymer PICs are characterized by a relatively low index contrast, which does not allow
realizing sharp bends. However, this reduced contrast also implies larger waveguide dimensions,
so that the MFD can be tailored to that of an optical fiber to achieve very low coupling losses.
Another possible drawback in some applications may be their limited thermal and environmental
stability.

In order to make electronically active organic PICs it is necessary to combine the waveguides
with electro-optics materials such as Liquid Crystals (LCs). LCs is a state of matter which is
between conventional isotropic liquids and ordered solid crystals [10]. While still being fluid
the LCs are optically and dielectrically anisotropic. This means that the spatial orientation of
the optical anisotropy (birefingence), also known as indicatrix, can be altered with external
electromagnetic fields.

In most applications, LC devices are manufactured in such a way that the LC molecules are
oriented in a given, preferred, direction in the absence of any applied field. By applying an
electric field it is possible to switch a LC cell and then let it relax back to a known orientational
state, when the electrical field is turned off. Typically the preferred orientation is achieved by
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surface treatment of the inside of the LC cell.

Interestingly, LCs have been used in integrated optics as early as 1977 [11], however low
switching speed (ms) has limited the number of LC applications to those where speed was not an
issue. Polarization manipulation is an example where speed is not relevant: infact passive devices
are often employed [12, 13]. Hybrid devices combining a platform (InP, SOI or polymer) with
electro-optic materials can achieve a high efficiencies as shown in various examples using slot
waveguides filled with electro-optic materials [14, 15]. LC-based waveguides tuning has likewise
been demonstrated [16, 17].

Polarization manipulating devices are not only important for polarization multiplexing and
compensation but for polarization-transparent PICs as well [12]. In this work, the design,
simulation, manufacturing and characterization of a switching polarizer is presented. The devices
is manufactured in a polymer platform employing a cost-efficient laser direct-write lithography
(DWL). The active element is created by including a cavity filled with a nematic LC. The cavity
is crosses through two parallel waveguides.

This basic design may lead to several devices having different functionalities. As an example,
we have also included the design and simulation of a switching polarization beam-splitter.

2. Design and simulation

a

Fig. 1. Sketch of the switching polarizer highlighting the two possible switching states of the
LC intersection. The LC-filled trench forms an angle @#=30° with the waveguides.

The device consists of two parallel polymeric waveguides made of Epocore (rore=1.590)
and Epoclad (n.7,4=1.578) [18] (Microresist Technology) which are intersected by a trench
filled with LC. The trench crosses the WGs at a specific angle to allow polarization dependent
switching according to the LC orientation (Fig. 1). Visible light was chosen for the application
(630 nm); the device can also be designed for any other wavelength ranges, e.g. near infra-red
for telecommunications (1300-1600nm). The device splits light into polarizations parallel and
perpendicular to the substrate. The chosen LC (MDA-98-1602, Merck KGaA) (n.=1.78 and
n,=1.52) is a positive LC, i.e. the sign of the optical anisotropy, (1, — n,), and the sign of the
dielectric anisotropy (&, — &,) are both positive and thus the indicatrix will align parallel to
an externally applied electrical field. The trench surfaces are conditioned so that the LC aligns
parallel to the substrate plane and perpendicular to the longer trench walls.

Optimal dimensions of the LC intersection were estimated by simulation. As a first approx-
imation, a plane-parallel slab inserted at an angle 6,,,, a slab, was simulated to calculate the
loss caused by the refractive index gap between the polymer waveguides and the LC, and the
the beam displacementd. The displacement depends on the height (%) of the plane-parallel slab,
of the LC refractive index nzc and of the waveguide mode refractive index n,,¢ as shown in
Eq. (1) (Fig. 2). The n,,¢ can be calculated using a modesolver. For simplicity, the index here is
approximated to 1.58 = n¢14q = Neore, as discussed below.

This can be calculated from the waveguide dimensions and 7.4, and n¢qq.
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Fig. 2. The displacement of a light beam in a plane-parallel slab.

sin (0,0 — 60 Nye
d= hM;ew = sin”! ( s sin(@wg)) (1)
COS(HLC)

Device losses are estimated by computing the reflection intensity at the guide-LC interfaces. At
oblique incidence the magnitude of the reflection depends on the polarization of the incident
light, i.e. whether the light is polarized parallel (P-polarization) or perpendicular (S-polarization)
to the plane of incidence, or a linear combination of P and S polarizations. It is important to
notice at this point that while in conventional optics P and S nomenclature is used as pseudonyms
for TM and TE, the convention when designing pics is that TM describes light with its electric
field perpendicular to the substrate, while TE describes light with its electric field parallel to the
substrate.
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Fig. 3. Simulated displacement and reflection produced by the plane-parallel slab as a
function of trench angle . Blue dashed line: displacement (d). Green dotted line: the TM
polarized light losses (I'Tp7). Red continuous line: the TE polarized light losses (I'Tg).

The loss I caused by the Fresnel reflections at the surfaces for the two polarizations can be cast
as Egs. (2)(3) [19]. The value of the trench width (%) is fixed to 20 um by fabrication constraints.
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Figure 3 shows the displacement and reflection coefficients for a simulated thickness of
20 pm and refractive indices n,,,=1.58 and nyc=1.78, as a function of angle a. A minimum
2.7% reflection is found at 42°, however a trade-off between reflection losses due and the light
displacement has been considered, chooseing 30° as the best compromise. At this angle the losses
are 5.9% while the displacement is 5.1 um. Losses increase significantly for angles smaller than
30°.

To complement the above analytical characterization of the initial design, a Lumerical FDTD
Solutions finite element simulations were performed, employing the ordinary and extraordinary
LC refractive indices n,=1.52 and n,=1.78. The simulated thickness of the slab, s, was 20 um,
as above. Being optically anisotropic, both the waveguide design and the LC simulation had to be
done for the two perpendicular light polarizations in-plane (TE) and out-of-plane (TM) with the
substrate, as well as for the two different switching states of the LC: OFF-aligned in the substrate
plane and ON-aligned in the plane perpendicular to the substrate.
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Fig. 4. (a) Scheme of the simulated device with approximate aspect ratio. Various simulations
were performed, all with a fixed slab height (%) of 20 um, trench angle « of 30°, waveguides
of 3x3 um. Separation of the waveguides was varied from 3 to 7 um; (b) Simulation of the
total power and TE, TM field distributions in the central waveguide section for switched
and unswitched device with 5 um waveguide separation. Note that the aspect ratio is not

preserved in the simulation images.

Figure 4 shows the simulated light progression for either polarization, in both switching
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states for a waveguide separation of 5 um. In the switched state, TM polarization propagates
with an effective refractive index n. since the liquid crystal is aligned with the field applied
perpendicularly to the substrate plane. The displacement can thus be simulated assuming an exact
specific refractive index value i.e. n,=1.78. TE polarization propagates with n, and since the n,<
nywg, the power in this polarization is refracted away from the output waveguide, upwards in the
figure.

In the relaxed state, TM polarization propagates with n, and is thus refracted away from
the output waveguide. TE polarization experiences an effective refractive index n.r ¢, which is
between and n,, since light impinges obliquely to the direction of the LC molecules, see Eq. (4).
Using our design parameters (90°-6=a=30° and alignment as in Fig. 1) n.rr was calculated
to be 1.70. Although this value differs from #n,, the numerical simulation shows that also in
this case most of the light is coupled into the output waveguide (see Fig. 4). The same design
parameters in the analytical approach lead to significant variation in displacement, i.e. 3.8 um for
TE polarization in the OFF state and 5.3 um for TM polarization in the ON state.

2,2
NNy

2
n 0) = 4
er®) n’ sin? 6 + nZ cos? 0 @

In accordance with this simulation, TM or TE polarization can be transmitted selectively by
switching the LC ON and OFF.

It is worth noticing that, only 2 decimals are used in the estimation of both n,,, n,, n. and
nerr. As seen in the Fig. 5 the displacement (d) of the light beam in the LC, is practically
insensitive to any variation in the third decimal of the refractive index. The deviation is below
100 nm per thousands and is easily compensated by a taper structure in the waveguide coupling
at the trench [20]. Thus the chromatic dispersion of both the waveguide and the LC will only
have marginal relevance for the final device.
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Fig. 5. Analytically calculated displacement and reflection produced by the plane-parallel
slab as a function of ny c.

3. Fabrication

LC cells were constructed using a transparent ITO coated glass as top electrode with SiO,
alignment layer and a metalized silicon wafer as bottom electrode on top of the silicon wafer
multiple devices are manufactured in parallel in the polymer layer as seen in Fig. 6. The cross
section of each waveguide is 3x3 um (nrg =~ nyp ~ 1.585). Laser ablation is used to carve a
20 um trench into each device on the wafer as indicated by the two red parallel lines. Prior to
assembly, the polymer layer is covered by a SiO, alignment layer. When filling the assembled
cell, all trenches are filled by the LC.
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Fig. 6. The basic structure of the developed devices. The input and output ports are indicated.

Organic waveguides were manufactured with DWL. This procedure may lead to significant,
systematic, differences between the design and the resulting device. The same issue is relevant to
laser ablation used for digging the trench. To account for these, a priori unknown, deviations
between design and final device, the same principal device design was repeated on the wafer
varying the waveguide separation (d) from 3.5 to 5.5 um. 20 different devices were designed and
manufactured.

Table 1. Optimized process parameters for the waveguides fabrication.

Process Step Epoclad 50 Epocore 2

Spin coating 5000 rpm 1’ 1900 rpm 30”

Soft bake 5’@50°,5°@90°, 100°@120°  5’@50°,5°@90°, 10’@120°
UV exposure I’ @10mW/cm? DWL @ 334mJ/cm?

Post exposure bake 15’ @90° 2’@50°,4’ @90°

Wet development - 45” in mr-Dev600, 1’ rinse IPA
Hard bake 90’ @120° in oven 90’ @120° in oven

Each device consists of a pair of parallel Epocore/Epoclad (Microresist Technology) [18]
polymeric waveguides (.,=1.590, nc144=1.578). An excimer laser (KrF, working at 248 nm,

Substrate Cleaning Spin-coating 16um Spin-coating 3pum
cladding layer core layer
UV Laser @ 355nm

2 /

) - ) “ ) -

Laser Direct Inscribing Wet development Spin-coating 16um
of the cores 3x3um core cladding layer

Fig. 7. Steps to fabricate the waveguides.
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pulse duration 5-8 ns, pulse energy 570 wJ)) was used to carve the trench. The trench was filled
with MDA-98-1602 (n,=1.78 and n,=1.52).

The waveguide manufacturing is illustrated in Fig. 7 and described in [18]. Table 1 summarizes
the optimized process fabricationn parameters. Once the waveguides are manufactured, the trench
is made directly in the polymer sandwich by ablation. An excimer laser was to ablate the complete
clad-core-clad stack. The excimer laser beam passed a rectangular mask (2000 ym x 200 pum)
and the de-magnified image (factor of 10) of the mask was projected onto the polymer coated
sample. This technique has been optimized in the past to make angular cuts [21]. 70 pulses with
a ablation rate of 0.45 um/pulse were applied to carve the desired trench in waveguide core.

The last step is making the LC cell. LC alignment in absence of any external field was
conditioned by an SiO, layer deposited by oblique thermal evaporation (50 nm with an angle of
45°) onto the polymer layer and trenches and onto the top electrode [22]. 5 um spacers were
deposited onto the SiO, alignment layer on the top surface, so that the LC could flow freely and
fill all the trenches on the chip. A gasket seal was applied leaving a mouth open for vacuum
filling as described in [23], A sketch of the final macroscopic structure is shown in (Fig. 6).

Fig. 8. a) SEM image of the a waveguide without cladding; b) optical microscope image
of a trench with LC between crossed polarizers. c) optical microscope image of the empty
trench. d) optical microscope image of the cross section of a trench.

SEM was employed to assess the quality of the waveguides, see Fig. 8(a). These are well
defined rectangular shapes. The roughness of the bottom and the top cladding has been previously
measured to be 2.2 nm [18].

As a result of unexpected high losses, the LC alignment and the quality of the trench cut
was assessed. The device was observed between crossed polarizers with the predetermined
orientation aligned with one of the polarizers, (Fig. 8(b)). Light transmission inside the trench
is as low as the transmission outside the trench, indicating a good LC alignment. The trench
walls themselves cause some light scattering. A trench angle with respect to the waveguide of
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32° was measured(Fig. 8(c)), which was 2° rotation with respect to the design. Furthermore,
the cross-section of the trench (Fig. 8(d)) revealed that the cut was not a rectangular section
perpendicular to the substrate surface, but rather a V-shaped cut. For wider laser-ablated trenches,
typically only 5-10° deviation from 90° cuts are expected [21], but in our case the trenches came
out with almost 25° deviation (114° instead of 90°) due to the desired high aspect ratio and thin
trenches. The resulting trench is thus thinner as is the effective LC slab. At the height of the
waveguide the LC slab is only 11.3 um, 8.7 um less than the desired value. As a result a smaller
displacement is expected and thus the devices with smaller waveguide separations are expected
to give the best results. Additional losses were added by the not normal ablation (~3 dB for the
TM and ~1 dB for the TE).

4. Optical characterization, results and discussions

As mentioned before, several devices were made on the same chip to account for manufacturing
tolerances. The devices differ in the distance between the waveguides at the position of the LC
slab. Devices with separations ranging from 0.9um to 2.5um i.e. ([3.9-5.5]um between center of
the waveguides) in steps of 0.1 um were successfully manufactured.

Two chips with duplicated design were characterized. No noteworthy difference between the
four repetitions was found.

ON OFF
=TE
50|-@-TM 50
4-TM Theo)
__ 40 __ 40
X X
) T
30 2 30-
o (=9
5 5
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4 45" © © 5 ¥ 32 159966g0060h
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Fig. 9. TM/TE intensities at the output port for the two different LC switching states. The
measured values allowed for an estimation of the effective refractive indices, n.f.,, and
Neffrp» for the on and the off switching states. These derived values were used in in the
calculation of the simulated transmission curves. The measured intensities are relative to the
power transmitted in a straight waveguide.

A polarized laser diode emitting at 630 nm coupled to a single-mode fiber reel was used in the
characterization of the device. The light was coupled into the waveguide using a nano-positioner
(Thorlabs NanoMax XYZ). A fiber rotator was used to manipulate the polarization at the input of
the device. The light at the device output is captured using a multi-mode fiber and a photo-detector.

Figure 9 shows the relative power transmission versus waveguides separation for the two input
polarizations (TM, TE) with LC switched (V) and unswitched (V,¢s). The device works as a
switching polarizer. When the applied voltage is off the TE polarization is guided to the output
port. When the applied voltage is on the TM mode is guided to the output port. Each of the
polarizations has an optimal waveguide separation for maximum transmission to the output port.
This is due to the fact that the effective refractive index of the LC for TE is smaller that for TM
(Meff,TE < Neff,Tm = Ne). The unswitched LC alignment is not perpendicular to the TE mode
propagation (see Fig. 1), but the switched LC alignment is almost perpendicular to the TM mode
propagation. The slight deviation (less than 3°) is caused by the non-vertical trench sides.
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Waveguide separation of 4.9 um provides a measured power transmission of more than 15%
for both polarizations when they are guided to the output port depending on the switching
state of the LC. Simulations of the structure taking the trench imperfections into account were
performed and the effective refractive indices for TMy,,, and TEy, ., were refined so that the
simulated maximum transmission waveguide separation corresponded to the measured maximum
transmission waveguide separation in the output: n.rr| TMy,,, ) = 1.72and nesy (TEVO £ f) =1.69.
In the case of TMy, ., and TEy,, , a refractive index n, has been employed. A reasonable fit
between the simulated and the measured values was obtained (Fig. 9).

With a perfectly rectangular trench the simulated loss was around 2 dB. The actual loss is
~8 dB, this higher loss is attributed to the reflections in non-perpendicular surfaces and mode
expansion in the trench . This could be reduced making a perpendicular cut and including a taper
in the coupling-in-section of the trench zone [20].

5. Proposed advanced devices
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Fig. 10. Simulation of the designed wide wavelength switchable optical polarization splitter.
The total power and TE, TM field distributions in the central waveguide section for switched
and unswitched device with 6 ym waveguide seperation. The trench size was 20 pm and the
LC refractive indeces varies between n,=1.58 and n,=1.78.

Based on the above device a switching polarization beam splitter can be proposed.

~th

Fig. 11. The fundamental design of a switching polarization splitter using the MDA-98-1602.
In this case neither of the two output ports can be aligned with the input port since np < nyg.

Choosing an LC with an ordinary refractive index n,=n,,,=1.58 the same geometry will lead to
a switching polarization beam splitter where the waveguide separations and slab height depend
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on n,. Fig. 10 shows a simulation of the power distribution of the two polarizations for the two
switching states in a device identical to the one above but with different parameters: n,=1.78,
n,=1.58, @ = 30° and h=20 um. The working principle is the same as above, but in this case the
both polarizations are guided for both switching states.

Alternatively, a switching polarization splitter may be manufactured using discontinuous
waveguides (Fig. 11) while maintaining the LC and LC alignment as in the original design. In this
case the trench positioning becomes critical since it has to be situated right at the discontinuity
of the waveguides. The simulation of this device would be similar to the simulations shown
in in Fig. 4(b), but with an upper waveguide located at the position whereto the TE(Vp ) and
TM(VorFr) modes are being refracted.

6. Conclusion

A liquid crystal slab inserted in a tilted trench in the light path of two waveguides has been shown.
This simple device has demonstrated several functionalities depending on the tilt angle, the
refractive indices of the waveguides, the liquid crystal and the relative position of the output and
input waveguides. Some examples are polarizer, optical switch and polarization splitter switch.

These functionalities have been confirmed by simulations with Lumerical FDTD. Quite mod-
erate losses (2 dB) are predicted, making the device potentially useful for practical applications.

Actual devices based on organic waveguides have been demonstrated in the visible region.
Extension to NIR wavelengths is straightforward, since no restrictions in the spectral range —other
than waveguide limits— are expected. NIR range is better attainable with inorganic waveguides;
the system is fully compatible with these waveguides.

The integration level of photonic integrated circuits (PICs) is far from that of electronic
integrated circuits. Devices like the ones presented result in tuneable structures that may
significantly increase the PIC functionality without adding much complexity, and thus contributing
to the development of more integrated/sophisticated circuits.
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