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ABSTRACT

We demonstrate tuning of the resonance wavelength of silicon-on-insulator optical ring resonators. The devices
arc clad with a layer of nematic liquid crystal. The electrooptic effect of the anisotropic liquid crystal allows us to
change the cffective index of the TE waveguide mode with an externaily applied voltage. The electric field will
reorient the liquid crystal director which alters the refractive index of the cladding layer. The evanescent tails of
the waveguide mode feel this change. The change in effective index has a direct effect on the resonance
wavelength. In our setup, the director tilts from an orientation parallel to the waveguides to an orientation
perpendicular to the substrate. This way, it is the longitudinal component of the electric field of the light that
experiences the largest change in refractive index. Starting from this principle, we show experimental tuning of
the resonance wavelength over 0.6nm towards shorter wavelengths. Theoretical considerations and simulations
with a finite element modesolver capable of handling full anisotropy confirm the experimental results and provide
insights in the tuning mechanism.
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1. INTRODUCTION
Optical networks require components to filter out specific wavelengths from a broad spectrum. Ring resonators are excellent
components for this task as they show resonance for certain wavelengths. For this reason they are already being used as basic
elements in (de-)multiplexers. In reconfigurable networks the filtering of wavelengths needs to be adjustable and the Ting
resonators need to be tunable. This tuning can be realized in a number of ways: temperature, carrier injection or with
appropriate cladding layers as we will show in this article.
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Silicon-on-insulator (SO1) is now widely recognized as the major material system for the fabrication of photonic
components. There are three major reasons for the success of the SOI material system for photonics. First of all, it is
transparent around 1550 nm, which is the main wavelength band used in telccommunication. A second reason is that it has a
very high refractive index contrast. It consists of a Si substrate, covered with an insulating layer of SiO~ (n -~ 1.47). On top of
the SiO; there is a thin layer of crystalline Si (n = 3.45) in which the photonic structures are detined. This high index contrast
ullows the design of very small components as the light is strongly confined to the Si core waveguide. The third reason is that
the processing of these photonic structures in SOI can be done with the techniques and cquipment used in CMOS technology.
This allows mass production and renders the individual components very cheap compared to those made in other materials'.
Si, however, also has some major drawbacks. 1t is nearly impossible to efficiently generate light in Si due to its indirect
bandgap. Therefore the photonic components in Si are limited to passive functionality. Influencing the refractive index
through carrier injection is also not very efficient in Si. It is clear that for several functions Si alone will not do the job and
mventive solutions are needed. When it comes to light generation, we have scen extensive research towards integration of
[H-V semiconductor materials on Si™". Concerning wavelength tuning in S1 components, scientists have proposed thermal
tuning’ next to carrier injection. Another method to achicve this tuning is to apply a cladding layer of which the refractive
index can easily be changed. Liquid crystal (LC) is an intcresting option. It is an anisotropic material of which the orientation
of the rod-like molccules can be changed with an externally applied clectric field. The light of the mode travelling in the
waveguide below the LC feels the change in refractive index in the cladding. This change can be big, a An of 0.2 is common
in nematic LCs, and will affect the effective index of the mode. The effect will be bigger with weaker confinement as a larger
part of the light will then be in the cladding. Photonic components with a liquid crystal cladding have been demonstrated
before™™”. The mechanism behind the tuning, however, has not yet been fuly clarified and there is potential for improvement
with regard to the wning range. With this work we hope to shed more light on this interesting material combination.

In this paper we will discuss SOI ring resonators designed for TE polarized light clad with nematic LC. In the next section
we will explain the fabrication of the cells. The third section will show the experimental results. In the last section we will
discuss the theory and simulations carried out to clarify the tuning mechanism.

2. CELL STRUCTURE

2.1. Assembly

We start from an SOI chip which consists of a Si substrate, a 2um thick insulating layer of SiO-, and a 220nm layer of
crystalline Si in which the photonic structures are defined. Using UV-curable glue mixed with spacers (1.6pm diameter) we
attach a glass plate on top of the chip. This glass plate is covered with Indium Tin Oxide (ITO), a transparent and conducting
material. We also spin an alignment layer on the glass. This layer, when it is rubbed, gives the director of the LC a
preferential orientation parallel to the rubbing direction. There are several materials available which align the director in a
planar fashion. We use nylon-6 in the fabrication of our cells. It is spincoated on the glass, baked and finally rubbed. When
the glass is attached to the chip it is placed on a hotplate together with the LC. We use 5CB, 4'-n-pentyl-4- cyanobiphenyl, a
commercially available nematic LC, in our experiments. The LC is heated to its isotropic state and deposited on the glass
plate. Cappilary forces draw the LC into the cell. To avoid defects and the forming of domains in the LC, we cool the cell
down gradually. The contacts necessary to apply the electric field are formed by the ITO and the Si substrate. A schematic
view of the structure can be scen in Fig. 1.
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Fig 1. Schematic view of the SOI structure with liquid crystal cladding.

2.2. Alignment

The alignment of the director at the glass plate is well defined thanks to the alignment layer. On the surface of the SOI chip,
however, it is not desirable to have an additional alignment layer as the effect of the LC on the effective index will then
decrease dramatically or even disappear completely. To achieve maximal tuning a very weak alignment on the Si substrate is
necessary. Even when no alignment layer is present on a surface, the LC still fecls a certain anchoring and in practice, weak
alignment is difficult to achieve™. Therefore it is essential to know how the LC behaves on a structured surface like an SOI
chip. We designed a test structure in SOI consisting of a waveguide flanked by Si rectangles forming two gratings to
investigate the behaviour of the LC. We cover the entire structure with 5CB and scal it of with a glass plate. The glass plate
is covered with an alignment layer which forces the director on the glass surface parallel to the waveguide. The cell is placed
under a polarization microscope with crossed polarizers for observation. We align the polarizer parallel to the rubbing
dircction and the anatyzer perpendicular to it. The image obtained can be seen in Fig. 2.

Fig. 2. Waveguide and grating covered with S5CB observed through a polarisation microscope. Polarizer is paralle] to the waveguide and
the analyzer is perpendicular to it. In the inset. a schematic top view of the structure can be seen.

We see that the largest part of the image remains black. This means that there is no retardation present in most of the cell.
The lincarly polarized light coming from the polarizer only sees the long axis of the molecule and experiences no
birefringence. It reflects from the surface of the chip and is blocked at the analyzer. The two bright lines seen in the figure
represent the gratings. The lines are bright because there is a twist in the director orientation from top to bottom. The
molecules at the SOI surface rotate to align along the ribs of the grating”. This causes the incoming light to experience
birefringence. lts polarization state changes and afier reflection it partly passes the analyzer resulting in the two bright lines
in the image. The dark interruptions on the bright lines are formed by disclinations. These are separation lines between a
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region of clockwise twist and counterclockwise twist. The two situations are energetically equivalent. The conlusion of these
observations is that the top alignment layer forces the director in a certain orientation, parallel to the rubbing. On the surface
of the chip, however, the director follows the ribs of the intersecting surfaces.

We also study the SOI rings with LC cladding under the polarization microscope. The polarizer and analyzer are
perpendicular to each other and at an angle of 45 degrees with the rubbing direction. With no voltage apphied we get a pink
colour. The spectrum of the transmitted light allows us to estimate the thickness of the cell at Spm. When we apply a voltage
between the ITO and the St substrate the cell turns dark. Here we note that the cell never becomes fully dark even with
maximal applied voltage. This is most likely because on the glass and on the SOI surtace, the molecules are anchored and are
not able to tilt completely to a vertical position. This will cause some retardation in the eell and consequently some light will
be transmitted.

Fig. 3. The SOI rings can be clearly seen under a polarization microscope. The direction of the polarizer (P), analyzer (A) and rubbmg (R)
are indicated by the arrows on the right.

3. OPTICAL CHARACTERISATION

3.1. Setup

The photonic chips we use are equipped with grating couplers. These are periodic structures designed to couple light from an
optical fiber to the nanophotonic waveguides and vice versa'’. Light is coupled in and out vertically with an cfficiency of
30%. This method makes the alignment of optical fibers with the photonic structures easy. The light source sends light
through the optical fiber. With polarization controllers, we can make sure that TE light is coupled into the waveguides. The
second grating coupler couples light again to an optical fiber. We can use a wnable laser and power meter as source and
detector or we can deploy a superlunminescent LED and spectrum analyzer. A signal generator is used to apply an cleetric
ficld between the SOI chip and the ITO on the glass cover. We use a square wave with [kHz frequency. This AC signal 1s
neeessary o avoid charge buildup problems in the cell. For different values of the voltage we measure the output of the ring
resonators.
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3.2. Measurements

With the setup described above we characterize the behaviour of SO nucrotmes with LC cladding. The device discussed
has it bend radius of 6pum. The output of the rings for OV and 30V s shown wr the mset of Fig. 4. We see that the resonance
wavelength shifts wwards shorter wavelengths. The magnitude of the shitt i about 0.6nm which is about twice as large as
previous reported shifis”. Compared 1o ring resonators with an air cladding. the dips are less decp and somewhat wider. Two
main reasons can be identified. The rings were initially designed to work with an air cladding. The refractive index of the
higuid crystal 1s obviously higher than that of air and thus coupling between the wavegnide and the ring is enhanced. This
renders the resonances less pronounced. the Q-factor goes down. The other reason is loss by scattering. This scattering 1s
inevitable when working with LC.

In Fig. 4. we mack the resonance wavelength as a function of the applied voltage. We see a well defined threshold voltage.
which s to be expected as the voltage has 1o compensate for the elastic forces. In our devices this happens at 10V, The actual
value of the Freedericksz transition is lower however. as we apply voltage between the 1TO layer on the top glass plate and
the bottom of the substrate. There will be a voltage drop over the SOI chip but it is not trivial to determine the actual
magnitude of this drop. Therciore. all values of the voltage in the experiments will be an overestimation of the actual voltage
over the LC. We also notice a saturation of the tuning at higher voltages. This can easily be explained when we consider that
at a certain voltage the molecules near the surface will have reached their maximum tilt angle.

Oustput [}

Wavelengts fnm)

'

Resonance wavelength (nm)

Voltage (V)

Fig. 4. Measured resonance wavelength of ring resonator as a function of applied voltage. The inset shows the output of the ring for 0V and
30V applied voltage.

4. TUNING MECHANISM
4.1. Theoretical considerations
When light travels in an anisotropic medium like LC. its refractive index n = /¢, is determined by the clectric components
of the light nteracting with the relative diclectric constant of the material. The effective index of an SO waveguide mode
with LC top cladding is determined by the following equation:

Ny = ing + no + Teny,. (1)

Iis the confinement of the light in the Si. the oxide or the LC. If we want to understand the mechanism behind the
wavelength tuning in our devices. we need to take a close look at both the influence of the externally applied field on the
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diclectric constants and the ficld components of our optical modes. Our devices are designed for TE -polarized light, but the
small dimensions of the waveguides do not allow a pure TE mode. Calculations show that next to (he transversal E-ficld
component (defined along the x-axis) there is also a reasonably big longitudinal component (z-axis) due to the strong
confinement in the waveguide and o small normal component (y-axis). It may be clear that these COMponents, more in
particular the longitudinal component, will have an cffect as well on the effective index of the mode and can not be
neglected. The y-oriented component is m general very small and we will neglect its effects. All this can be seen in Fig. 5.
where the electric ficld profiles are plotted along a horizontal cut through the waveguide (see dotted line in Fig. 1.).

In the previous section we have shown that the director of the LC lics parallel to the waveguide when there is no voltage
applied. This means that in this situation the x-oriented field component feels a low value of the dicleetric constant as it
oscillates perpendicular to the long axis of the LC molecules. The z-oriented component of the light is oriented along the
director and will therefore see a high diclectric constant. These two components will mainly determine the cffective index of
the waveguide mode. When a static clectric field is present over the LC laver, the director will wrn (o align ttself along the
ficldlines. In our devices, one electrode is formed by the substrate and the other one by the ITO on the glass plate. The

el O R

_
Fig. 5. (upper figure) Relative amplitude of the electric field components of the quasi TE mode in our waveguides. The field components
are plotted along a horizontal cut through the waveguide. (lower figure) 2D-plots of the x-, y- and z-polarized E-ficlds.

ficldlines will therefore lie along the y-axis. Let’s assume a situation where the field is strong cnough to tilt all molecules to a
vertical orientation. In this case the x-oriented ficld still oscillates along the short axis of the molecules and will see the same
low valuc of the dielectric constant as before. The z-oriented component however will now no longer sce the high value of
the diclectric constant. As the molecules now are tilted vertically the longitudinal ficld will now also oscillate along their
short axis. The effective index determined by these two components will now be lower than was the case without externally
apphied voltage.
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Fig. 6. Schematic view of a silicon slab waveguide flanked by LC.

To support this reasoning we calculate theoretically the effective index of the fundamental mode propagating m a 500nm
wide slab waveguide flanked on both sides by LC (sec Fig. 6.). We star{ from the Maxwell equations and use the diclectric
tensor for SCB. When the nine elements of the dielectric tensor are non zero, it is not possible to split this problem into a TE
and TM part so the modes will be hybrid. We assume in our calculations that €. and g, are zero. This allows a separation of
the problem. For the TE case, the problem is the same as in the case of an isotropic medium with refractive index determined
by £,. The TM case, which we will describe in detail. is interesting as it shows the influence of the longiwdinal field
component on the effective index. The longitudinal field component extends into the LC on both sides of the slab waveguide,
We can write for the three regions:

hy, = Ae e o
hy., = Bcos(xx) + Csin(xx) .
hyy = Dex+a @
with

o= Ve =7, ©)

:Bz - Cxxkz (6)

a is the width of the waveguide, k is the wavevector and B = ngnk.

The boundary conditions for the fields lead to a condition for the effective index n,g.

7 _ —sinlxad+cos (va )y 7
— L= ZTRRC RTLOS Ak
¥ cos{ra+sin (xu)y

From this we can easily find the effective indices when the director is in the y- or z-direction. We find following values: n
= 2.7552 for a director along the propagation direction and Dee = 2.7273 for a director along the y-axis. We see that indeed
the effective index decreases when the director of the LC rotates from parailel to the propagation direction to it (y-axis).
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4.2. Simulations

The calculation of the orientation of liquid crystal molecules in a random geometry and in the presence of an electric field is
not an casy problem. Several equations need to be solved simultancously. In this work we use a tool developed in
collaboration between UGent and UCL. In this tool a variable order calculation'' is used based on the minimization of the
Landau-deGennes free energyﬂfunctional':. The model is implemented in a finite-clement scheme. The incorporation of the
variable degree of order of the liquid crystal makes the program suited to model dischinations for which there is a rapid
variation in the order péramcter. Liquid crystals in combination with for example optical waveguides can be accurately
modeled with this tool. Optical modeling of a waveguide surrounded by LC is also a difficult problem to tackle. The LC we
usc has a uniaxial anisotropy and in a general case the diclectric tensor can contain nine nonzero elements. Commercial tools
¢xist but none of them can handle full anisotropy. The problem lies in the incorporation of longitudinal anisotropy. An
asymmietry arises with respect to the propagation direction (the z direction), leading to off-axis cnergy transfer of the

. o 121415
extraordinary polarization component

. We have developed in cooperation with UCL a mode solver that incorporates
the full anisotropy of the dielectric tensor. The output of the liquid crystal calculation is used o calculate the modes. This
calculation is based on the solution of the vanational form of the curl-curl equation of the electric field, implemented with

higher-order edge elements'®.
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Fig. 7. Simulation of the orientation of the director. 8V is applied over the cell. The molecules can be seen to tilt upwards.

The two tools described above are used to calculate the modes in SOI waveguides clad with LC. We define a simulation
space of 3um x Sum. The Si waveguide is 450nm wide and 220nm high and rests on a 2pm thick layer of SiO.. The cell
thickness is then 3um. The electrodes are at the bottom of the Si0- and at the top of the LC layer. We use the program GiD
to gencrate a mesh we can use to calculate the LC orientation. For 0V, the molecules tilt from the pretilt angle (2°) on the top
alignment layer to 0° on the chip surface. For 10V, the director reaches a maximum tilt of 90° in the middle of the cell,
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dropping down to 257 on the chip surface. An example of this tilting can be seen in Fig. 7. The results of these caleulations
can be used as input for the optical modeling. In Fig. 8. we show the evolution of the effective index of the TE mode under
increasing voltages. The result is a curve that is similar to the one found in the experiments. A threshold voltage is required
to overcome the elastic forces. This Freedericksz transition is indeed observed. When the voltage increases, we sec clearly a
saturation eflect. From the simulations we find that there is a strong dependence of the shape of the curve on the anchoring
strength on the surface of the SOI chip. At a certain voltage. the wavelength shift will be larger when the anchoring is weaker
as the molecules on the surface are allowed to tilt more. It is far from trivial to identify the exact values for the anchoring on
an SOI surface. The simulations should therefore be seen as a confirmation of the mechanism rather than an exact

representation of the reality.
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Fig. 8. Simulated shift of the resonance wavelength of the ring resonators.

4. CONCLUSION
We have shown tuning of SOI microring resonators with LC cladding. When voltage is applied the director of the LC shifis
from an orientation parallel to the waveguides to an orientation perpendicular to it. This causes a blueshift in the resonance
wavelength of about 0.6 nm. We explained the tuning mechanism by investigating the influence of the different ficld
components of the mode on the effective refractive index. It appears that the longitudinal field component is the determining
factor in the tuning. To our knowledge this is a new way to tune these extremely small optical structures. Simulations with a
mode solver capable of handling full anisotropy back our experiments up.
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