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Abstract: Low-power and compact phase shifters are crucial for large photonic circuits, both to
cope with variability and to create programmable waveguide circuits scaling to thousands of
tuning elements. This work demonstrates a liquid crystal phase shifter where a lateral silicon
electrode "rail" on one side of the waveguide core. Using this architecture, a strong quasi-static
electric field E,cwation can be applied over the gap, which is filled with liquid crystal cladding
material, with modest voltages. Because the mode is largely confined in the waveguide, optical
losses are limited, compared to earlier experiments with slot waveguides. The liquid crystal is
deposited locally on three different device variations using inkjet printing. The local deposition
avoids unwanted interference of the liquid crystal with other optical components such as grating
couplers. Measurements show similar trends as simulations of the liquid crystal orientations. For
one device with a length of 50~um, a phase shift of almost 0.97 is shown at 10~Vgys. We also
discuss the challenges with this first demonstration of this phase shifter geometry using a silicon
side-rail as an electrode.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Many applications in integrated photonic circuits require low-power and compact phase shifters,
both to cope with variability during fabrication and operation and to create programmable
waveguide circuits scaling to hundreds or thousands of tuning elements. In general, electro-optic
phenomena that can be exploited to induce a phase shift exhibit a trade-off between actuation
speed and magnitude of the effect. While high-speed effects are required for modulation, the
slower but stronger effects are preferred for quasi-static tuning because they enable phase shifters
with a short optical path length [1].

Like most silicon photonics technologies, IMEC’s silicon photonics platform, iSiPP5S0G [2],
provides a strong, low-speed tuning effect through heaters implemented using tungsten resistors,
doped silicon resistors or PN junctions. While these heaters can be made compact, they are power
hungry and susceptible to thermal crosstalk [3]. One method for creating compact, low-power
phase shifters exploits mechanical actuation of a perturbation close to the waveguide, building
on techniques from micro-electromechanical systems (MEMS). In [4] a comb-drive is used to
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move a silicon rail closer/further from the waveguide core, changing the effective index of the
propagating mode, which results in a strong phase shift. In this letter, we used the same device
geometry to induce a phase shift with the help of a liquid crystal cladding.

Liquid crystals (LC) are highly anisotropic materials that have a quasi-crystalline arrangement,
and where the director (i.e. the average orientation of the molecules) can be rotated by an external
electric field. This makes the materials attractive to implement electro-optic phase shifters.
While it is possible to implement waveguides directly into liquid crystals [5,6], it is easier to
integrate it as a cladding material for silicon photonic waveguides [7—11].

Due to the evanescent field of the waveguide mode in the LC cladding, a change in LC
orientation will lead to a modification of the mode’s effective refractive index. One of the issues
in these configurations demonstrated in earlier works is that the electrodes for applying voltage
over the LC layer need to be far away from the optical mode to avoid optical absorption losses,
and because of the large distance between the electrodes, high operating voltages up to 100 V are
needed [7,9,11].

One way to mitigate these high voltages is applying the voltage across a narrow gap, increasing
E . ctuation- This can be accomplished using a a strip loaded slot waveguide infiltrated with LC,
which has a narrow gap (slot) to realize strong actuation fields E,cwation With low voltages when
the silicon is used as an electrode [12]. The concentrated electric field of the optical mode in the
slot has a large overlap with the rotation of the director (a vector describing the average direction
of the molecules, indicated as 7 in Fig. 1) , leading to a strong electro-optic response. Even
though the slot waveguide mode has a strong interaction with the director changes of the LC, this
approach suffers from high optical losses because of the transitions between the slot waveguide
and the regular waveguide, and increased scattering losses due to the concentrated electric field
of the optical mode interacting with the sidewall roughness of the slot.

waveguide electrode

Eactuation

a) Weore b) V\ZI/ Si0;

X

Fig. 1. Operation principle of the phase shifter. a) When no voltage is applied the LC
director aligns itself with the longitudinal direction of the waveguide, indicated by the
director 7. In this paper both the gap and waveguide width are varied to observe their effect
on device performance. b) the reorientation when applying a square wave between the
waveguide and electrode, where the director is aligned with the quasi-static electric field

E actuation-

This work tries to mitigate these loss contributions by keeping confinement in a regular single
mode waveguide where the evanescent field of the propagating mode is influenced, rather then
pushing the entire optical mode into a slot.

In this demonstration we used the phase shifter devices from [4], originally designed for
MEMS-actuation, to implement an efficient liquid crystal (LC) phase shifter. It consists of a
single mode waveguide that keeps the propagating mode mostly confined inside the core, and
which is accompanied by a silicon side-rail operating as electrode on one side of the waveguide.
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The waveguide core is grounded, so the voltage on the side-rail is applied directly over the
gap leading to a strong actuation field Eycration at low voltages. Inside the gap, the evanescent
tail of the TE mode of the small high-contrast waveguide core are quite large due to the sharp
discontinuity of refractive index on the sidewall. As a result, a change of the material properties
inside the gap still has a considerable effect on the effective index of the propagating mode. In
addition, the silicon side-rail also acts as an index perturbation, pulling the optical mode a bit
more into the gap, effective strengthening the electro-optic response.

The integration of the liquid crystal material with the silicon waveguides introduces its own
challenges. In earlier work the LC was deposited over a larger region of the photonic chip, held
in place by a glass plate [7,9,11]. This complicates the assembly, and also makes it difficult to
combine the LC with other functions implemented with silicon photonics, such as modulators
and detectors. In this work we use an inkjet printing technique in the fabrication of the devices
where the LC is applied locally into recessed cavities on the chip where the waveguide is locally
exposed. This avoids unwanted interference of the LC with other components (such as grating
couplers) which remain encapsulated in an silicon dioxide dielectric cladding.

2. Operational principle

2.1. Side-rail as electrode

The optical phase shift can be induced by locally applying a voltage across the gap filled with liquid
crystal, where the evanescent field of the waveguide mode will be affected by the reorientation of
the liquid crystal. The operation principle of this device is shown in Fig. 1. A narrow silicon rail
structure (w1 = 220 nm), which is optically in cut-off at the operational wavelength of 1550 nm,
acts as an electrode to deliver a local voltage over the gap with the waveguide core, which is
grounded. The thickness (height) of the silicon layer is equal for all simulated and measured
devices, s; = 220 nm. In this paper 3 different geometries are investigated with both simulation
and measurements: (Weore = 400 nm, weyy = 250 nm), (Weore = 400 nm, wgy, = 350 nm) and
(Weore = 450 nm, wgap = 250 nm).

When no voltage is applied, the boundary conditions of the surfaces cause the liquid crystal
director in the gap to align itself parallel with the waveguide (as can be seen in Fig. 1(a))). [13]
Because LC is an anisotropic material it exhibits an extra-ordinary index n. parallel to the director
7 leading to optical birefringence, An = ne — n,. In this work we use commercially available
LC mixture named E7 with the ordinary refractive index (1 = 1.55um) n, =~ 1.5, the optical
birefringence An = 0.2, and the dielectric anisotropy (factuation = 1kHz) Ae = 11.1 (the anisotropy
for Eactuation)- [14-16]

When wq,, is sufficiently small (i.e. 250 nm), we can induce a strong quasi-static electric field

-

E ctuation at voltages below 5 V. This is much lower than experiments with electrodes multiple
um away from the waveguide, which required voltages up to 100V [7,9,11]. The local electric
field causes the LC director to rotate, aligning itself with the applied field, which changes the
optical permittivity tensor of the material. The electric field of a propagating TE mode has a
strong interaction with this rotating director because the main electric field component, E,, is in
the plane of the director rotation, making this field component interact with n. at 0 V and n, at
full reorientation in the gap.

The change in effective refractive index of this propagating mode results in a phase shift
compared to the situation drawn in Fig. 1(a)).
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A narrower gap increases the electric field between the waveguide and the side-rail, creating a
stronger reorientation of the director closer to the waveguide edge at similar voltages. Close to
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the surface the molecules "stick" to the surface (a phenomenon referred to as anchoring of the
director, elaborated further in 2.3.1), leading to a director profile as illustrated on Fig. 2. This
curve visualizes the variation of the twist of the director (angle ¢ as defined in Fig. 5) in the gap
area indicated in red on Fig. 3 and shows how reorientation is weaker closer to the waveguide
edge. One can notice the director profile function is a function of x/wg,p, making the director
profile symmetric for any wgap (¢max Will move closer to the waveguide edge when making the
gap smaller). This implies that a narrower gap will increase director orientation close to the
waveguide edge at the same actuation voltage, due to an increasing Eactuaﬁon. In section 2.2 we
discuss how the high refractive index of a silicon side-rail enhances the optical field Ex over the
entire gap, not just close to the waveguide edge (besides the use as an electrode).

A

(pmax

@(rad)

v

0.0 0.5 1.0
x/wgap

Fig. 2. Example distribution of the twist of the director in the gap. The molecules tend to
"stick" to surfaces, making reorientation close to the surface smaller (as explained later).
Because the evanescent tail of Ex in the gap has higher power closer to the waveguide core
(as can be seen in Fig. 4), the change in director closer to the waveguide will produce a
more significant Aneg. Since this curve is normalized to wgap, narrowing the gap results on
stronger director changes closer to the waveguide core.

2.2. Side-rail as an index perturbation to increase optical confinement

Usually one expects confinement in the waveguide core to increased when a high-index material
is added to the cladding, but in this section we show this actually has the opposite effect when
using this geometry. While the side-rail acting as an electrode creates strong quasi-static electric
fields Eacmation to rotate the LC molecules, it also enhances this electro-optic effect as an index
perturbation in the cladding. Intuitively, the high refractive index of the silicon side-rail pulls the
optical waveguide somewhat more into the gap where it can interact with the liquid crystal.

As mentioned in section 2.1, a higher optical confinement of the waveguide mode in the gap
between the core and the rail will increase the overlap with the actuated liquid crystal, improving
the actuation efficiency of the phase shifter. This increased confinement is due to two effects:
The silicon side rail adds additional high-index material next to the core, moving the ’center of
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a) E7 LC

Fig. 3. a) 2D simulation window of geometry. Blue is the E7 LC cladding, simulations are
carried out using both an E7 LC filled side-rail (matching the surrounding LC at V = 0 VRums)
and a silicon side-rail. Color markings are used to address areas in text. b) Mode plot of
|Ex|? for a side-rail filled with E7 LC as oriented in Fig. 1(a)). ¢) Mode plot for a silicon
side-rail (n = 3.45). The red dashed line indicate the position of the 1 dimensional field
plots presented in Fig. 4

gravity’ of the guided waveguide mode, bringing more light into the narrow gap. On top of that,
the high refractive index contrast between the silicon core/rail and the liquid crystal induces a
strong discontinuity of the E, component of the optical field at the silicon/LC interfaces. Because
there are now two such interfaces, the field in the narrow gap is enhanced, not just near the
interfaces, but in the entire gap. This is similar to the field enhancement in a slot waveguide, but
here we have kept a strong asymmetry to avoid very abrupt changes in the mode profile and make
tapering to a regular waveguide easier.

To illustrate the enhancement effect of the high-index side-rail, we simulate a geometry where
the area occupied by the side-rail is replaced with the same E7 LC oriented as in Fig. 1(a)). We
do keep the same electric fields on the liquid crystals as we would have in the case of a silicon
side rail, so this is an entirely hypothetical configuration that allows us to separate the influence
of increased director orientation on the phase shift from the index perturbation created using
the silicon rail. However, it helps to illustrate that in the case of a side-rail which matches the
refractive index of the surrounding LC (for V = 0 Vrums), the actuation effect is weaker.

Figure 4 shows simulation results with and without actuation of the LC, meaning V =5 Vrvs
and V = OVrums. When V = OVryvs and the LC cladding has a uniform orientation as shown in
Fig. 1(a)) (this configuration is also shown in Fig. 5(a))). As mentioned before, we compare
simulation results using an E7 LC filled side-rail with results with the silicon side-rail. The
resulting Ey of the guided mode on the red dashed line shown in as in Fig. 3(b)) and c) is plotted
in Fig. 4. The plots in Fig. 4 a), c) and e) show simulation results of the side-rail filled with E7
LC and the plots in Fig. 4 b), d) and f) show simulation results with a silicon side-rail. For each
simulation result with V = 0 Vryvs the confinement factor of the waveguide core is calculated for



Research Article Vol. 12, No. 6/1 Jun 2022/ Optical Materials Express 2186

OPHCAINEENaISIEXPRES S

the three measured device geometries: weore = 400 nm with wga, = 250 nm labeled as wg400g250
and plotted in graphs a) and b) on Fig. 4, weore = 450 nm with wg,, = 250 nm labeled as
wg450g250 and plotted in graphs c) and d) on Fig. 4, weore = 400 nm with wg,, = 350 nm labeled
as wg400g350 and plotted in graphs e) and f) on Fig. 4. We only consider the x-component of the
electrical field strength in these calculations since this has the main contribution to the effective
index of the TE mode, and the main component interacting with the director change in the gap.
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Fig. 4. The x-component of the electric field strength on the dashed line in Fig. 3. Simulation
results are shown for the three measured devices in this work. Graphs a), c¢) and e) (the left
column) show simulation results of a hypothetical side-rail filled with E7 LC oriented as
in Fig. 1(a)) (n = ne), graphs b), d) and f) (the right column) show simulation results with
a silicon side-rail (n = 3.45).When V = OVRys the LC is oriented as in Fig. 1(a)), when
V = 5VRrms the LC has an orientation as in Fig. 1(b)). The increase (decrease) of I'gap and
Iai1 between V = 0 VRiys and V = 5 VRys is visualized in green (red).

The situation where the index of the E7 LC filled side-rail matches the surrounding LC cladding
can be clearly identified on graphs a), ¢) and e) in Fig. 4 due to the continuous evanescent tail in
the when V = 0 Vruis.

_ /fcore |EX|2

T =
- //total |Ex| g

The calculated confinement factors I' in Table 1 show that increasing the index of the side-rail
decreases the confinement in the waveguide core I'core While boosting I'ssp. This is the main
contributor to the difference in electro-optic response between devices with a different weore.
The increase in evanescent field strength in devices with smaller core widths leads to a stronger
response to changes in the waveguide cladding. The device with both smallest core width and



Research Article Vol. 12, No. 6/1 Jun 2022/ Optical Materials Express 2187
i 4

v TR
jalS EXPRESS

a) b)

-

@)

ERSE

Fig. 5. Simulation of the twist of the director (in-plane rotation), with a) 0Vgys actuation
and b) 5 Vryis actuation. When a voltage above the threshold is applied, the director in the
gap reorients towards the x-axis, but close to the waveguide interface surface interactions
inhibit this rotation.

gap size has the strongest change in confinement induced by the side-rail. To get a more detailed
picture of how the high index side-rail affects the distribution of |E,|? in the cladding and how
Weap influences this, we calculated the fraction of |E|? in certain regions of the cladding in
more detail for different geometries. These calculations are again performed with V = 0 Vrys,
meaning the LC director in the gap is aligned with the waveguide as shown in Fig. 1(a).

TV BE S B

= .[/;otal |EX|2 S ./]t‘otal |EX|2

Table 1 shows different values for I'gy, and Iy (%) of the geometry as shown in Fig. 3.
Increasing the index of the side-rail increases 'y, (as was seen in the electric field strength plotted
in Fig. 4) and lowers I, similar to the increased electrical field strength in a slot waveguide
mode. The device wg400g250 has the largest I'gsp and [y1.

Table 1. Fraction (%) of |Ex |2 in the areas colored on Fig. 3 for each device
calculated with a side-rail filled with E7 LC oriented as in Fig. 1(a)) and a
silicon side-rail.

device wg400g250 wg4508250 wg400g350
I'core (brown area)

E7LC 60,07 68,06 60,02
Silicon 59,18 67,64 59,82
[gap (red area)

E7LC 11,03 7,71 10,76
Silicon 12,00 8,28 10,98
Tail (green area)

E7LC 0,101 0,052 0,017
Silicon 0,054 0,024 0,01

Table 1 confirms that the silicon side-rail increases the sensitivity to director changes in the
gap, because of the increased field strength, as can be noticed by comparing the curves labeled
V = 0Vrms on Fig. 4. Graphs a), ¢) and e) exhibit a continuous evanescent tail while graphs b), d)
and f) have a discontinuity due to the silicon side-rail, leading to an increased field strength in the
gap. Note that for this study we ignored the secondary E, component parallel to the waveguide.
We expect that its inclusion will slightly diminish the resulting phase shift, as the actuation of the
liquid crystal rotates the director from an y alignment to an x alignment.
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2.3. Electro-optic simulations

2.3.1. Modeling the liquid crystal

The response of the liquid crystal to voltages and geometry can be modeled using the finite
element method, resulting in the spatial distribution of the director variation of the liquid crystal
cladding. [17] An example result of the director variation from simulation is shown in Fig. 5. In
Fig. 5(a)) no voltage is applied and the director is aligned with the y-direction (¢ = 90°,60 = 0°),
the situation as given in Fig. 1(a)). In Fig. 5(b)) the applied voltage (V = 5 Vrms) aligns the
director with the field lines, resulting in director rotation in the gap aligned to the x-axis, as
shown in Fig. 1(b)). Close to the waveguide surface interactions inhibit the rotation. This director
distribution corresponds to a spatially dependent refractive index in the cladding for the optical
modes in the waveguide core. This data is fed into a fully anisotropic optical mode solver which
can calculate Aneg of the propagating mode in the waveguide core in relation to the applied
voltage.

From Ancg, the resulting phase shift with Lgeyvice = SOum can be calculated using Eq. (1) at
Ao = 1.55um. This results in the curves plotted in Fig. 6.

a) = b) 1r
0.97 | = WGA00G250 0,97 = WG400G250-low_index
G0.87 |7 WGA00G350 0| WG400G350-Iow,index
5 o, 7| L WG4306250 2057 o WG450G250-low_index
S0.n
S0.6m
£0.57
& 0.4m
3037
©
£0.27
0.17
Om¢ or
0 2 10 5 5 T

4 6 4 6
Actuation voltage (V RMS) Acuation voltage (V RMS)

Fig. 6. a) Simulation (g = 1550 nm) of devices with strong (infinite) molecular anchoring
strength to the surface. Both weore and wgap influence the response. b) Simulation of devices
with a side-rail filled with E7 LC (matching the anisotropy of the LC as shown in Fig. 1(a)).

Three important regimes can be observed from the simulation results shown in Fig. 6. Below
1 Vrums the LC director does not respond to applied voltages, but beyond a threshold voltage
an S-shaped curve is obtained. This threshold is known as the Fréedericksz transition and is
determined by the material parameters of the used LC (E7 mixture in these simulations and
measurements). [18] Intuitively it can be understood as the minimum energy required for E’ ctuation
to overcome elastic forces in the LC. For narrower gaps, the increase in anchoring strength and
electric field (for a given voltage) roughly counteract each other, which results in a threshold

voltage independent of wgp:
[ K
Vin =
th =7 golAe

with Ag the dielectric anisotropy and K the constant related to the elastic forces caused by the

distortion of molecules due to E cation-

After the threshold there is a strong increase associated with director change in the gap, which
saturates between 4 Vrys and 5 Vrys followed by a much smaller secondary increase of the phase
shift. In the saturation regime, where the director in the gap is fully reoriented (configuration
as shown in Fig. 1(b)), a small linear change in phase still accumulates as a consequence of
LC reorientation on the opposite side of the waveguide, where at 5 Vrys the director starts to
respond to fringe fields, as can be seen in Fig. 5(b)).

These simulations indicate that the phase shift is in general larger for smaller weore and wgap,
which is consistent with the confinement factors 'y, given earlier in Table 1. A smaller weore
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exhibits lower confinement, increasing the sensitivity to any changes in the cladding. A narrower
Weap leads to stronger actuation fields Eactuation for the same applied Vrms, which in turn enhances
the liquid crystal responsivity (slope).

The boundary conditions of the liquid crystal region determine the initial orientation of the
director at O Vrms. The boundary conditions at the physical boundaries of the LC domain, i.e.
the surfaces of the waveguide, side-rail and buried oxide, determine the behaviour of the director
in the neighbourhood of the surface. The director is anchored to the surface (the molecules are
attracted to the surface, inhibiting reorientation close to the surface), meaning that a minimal
energy Wanchoring iS required to dislodge the director from its anchored position on the surface.
This anchoring energy determines the behaviour of the director close to the surfaces. In our
simulations the anchoring conditions on the surfaces are set with the director as shown in Fig. 1(a),
causing the LC to be aligned according to Fig. 5(a) when no E’actuation is present. [13]

Different anchoring conditions of the LC director can be applied in these electro-optic
simulations. We applied a default of strong anchoring (Wanchoring = ©0) in our simulations. The
weak anchoring (Wanchoring = 10747 / m?) conditions increase the responsivity of the director to
the applied voltage close to the surfaces. (This is also visualized in the director plots in Fig. 7(a),b
). When we apply weak anchoring conditions the electro-optic response is enhanced, as is shown
in Fig. 8. As the optical power increases inside the gap closer to the waveguide, the anchoring
conditions are an important factor in these experiments. As real anchoring energies are unknown,
the strong and weak anchoring simulations serve as boundaries for an expected range of values for
the experimentally observed phase shifts. The decrease in phase shift on Fig. 8 can be explained
because of the tilt  of the director on the top surface of the waveguide caused by electric field
lines outside of the gap (as can be noticed in Fig. 7). Because the weak anchoring causes the gap
to saturate before the field lines outside the gap (fringe fields) manifest for this reorientation, this
is visible in the electro-optic curve as a different regime, but only when weak anchoring is used
in the simulation.

\ ()
- -_~:~~\\\\\\\\Hll

!

(/ ()
.~ '3
.

Fig. 7. LC director plot for a) weak anchoring and b) strong anchoring. The color gradient
represents electric potential.In this simulation V = 3 Vpms

2.3.2. Influence of side-rail index on the electro-optic response

We simulated the electro-optic response of each device for a silicon side-rail and the hypothetical
case from section 2.2 where we have a side-rail with the same refractive index as E7 LC. Although
the smaller wy,, increases the response of the LC director in the gap to the applied voltage in the

low index case (as is predicted by theory due to an increased Ecation for an equal RMS-voltage,
and pushing the maximum of the director profile closer to the waveguide edge), a silicon side-rail
will enhance the overlap with the optical mode in the gap, as can be seen in Fig. 6(a)) (and is
predicted with Table 1).

Simulation results with an E7 LC filled side-rail (Fig. 6(b))) show that the devices with
Weore = 400 nm, wgap = 250 nm (wg400g250) and weore = 400 nm, wgap = 350 nm (wg400g350)
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Fig. 8. Electro-optic response for liquid crystal with weak anchoring (weak attraction to
surfaces).

have a different slope, but similar values in the saturation regime even though the narrower gap
has a larger I'gap. This suggests that the increase of I',p is not the only contribution to the increase
of response with a high index side-rail, and the small but non-zero I'4; also is important for the
increase electro-optic responses.

The change in distribution of the evanescent field can be tracked by assuming conservation of
energy of the field component when actuating:

ATl'j + Alcore + Al'gap + Alglag = 0

This means the confinement will always be lowered in other regions to facilitate an increase
in regions of interest. Using a side-rail which is index matched to E7 LC, Al'gp + Al1a9<0,
which indicates the Aneg actually originates from the increasing confinement in the waveguide
core (high index) and side-rail (low index), leading to a weaker net effect on Aneg. This is also
visualized in Fig. 4 on graph a) (and can be noticed on graphs c) and e)), where one can notice the
increase of I, accompanied by a decrease in I'g,p. Because the hypothetical side-rail with E7
LC (oriented as Fig. 1(a)) is index matched, increasing I';,;; has no effect on An.g. The refractive
index of the LC in the gap increases when V =5 Vyys (due to an interaction of |Ex| with Aneg)
but I'gy, will be lowered at the same time.

When the same analysis is performed for a high-index silicon side-rail, the optical field
redistribution is drastically different, because now Al'core + Al¢1aa<0. In this case the increase
of I,y interacts with the high refractive index of silicon, just like the increasing I'g,, interacts
with an increasing refractive index, both contributing to a stronger An.g. These changes can be
observed in Fig. 4 in graphs b), d) and f), where one can notice an increase of both I'gs, and Iy
when comparing the mode profiles for V = 0 Vryms with the mode profiles when V = 5 Vrvs (as
indicated on graph b)).

To investigate to which degree the silicon side-rail contributes more to Aneg, the changes in
confinement are tracked when actuating the geometry with a silicon side-rail from V = 0 Vrms
to V =5 Vrums, and results are listed in Table 2.

Table 2 shows that the Al'},; becomes smaller for larger gaps. This indicates that the higher
refractive index of the side-rail adds an important contribution to Aneg. The numbers in Table 2
are in agreement with the simulated response curves Fig. 6(a),b, showing an increased influence
of the silicon side-rail for smaller gaps.
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Table 2. Fraction (%) of change in confinement in the
areas colored on Fig. 4 for each device calculated with a
silicon side-rail (n = 3.45).

device wg400g250 wg450g250 wg400g350
ATl
m 11,52 11,82 8,41
gap
[ATooret ATl 88,48 88,18 91,59

This analysis shows that the side-rail does more than just provide an nearby electrode for the
liquid crystal actuation. The use of a silicon side-rail draws the optical field into the gap area,
making it more responsive to changes of the LC director in the gap compared to the use of a
side-rail filled with E7 LC. The applied voltage then leads to a director rotation, which in turn
will decrease the confinement factor of the waveguide core. This makes the optical mode interact
more with the silicon side-rail, which becomes an important contributor to the effective index
change of the optical mode when the gap gets narrower.

3. Fabrication

The fabrication of this phase shifter requires multiple steps. The underlying platform is IMEC’s
established iSiPP50G silicon photonics technology [2]. To bring liquid crystals in proximity with
the waveguides, the back-end-of-line dielectric stack needs to be locally etched back, and the
waveguides need to be exposed on three sides (top and sidewalls) without damaging the other
parts of the silicon circuits, as can be seen in Fig. 9. Then the liquid crystal needs to be deposited.

Phase shifter

Comb drive

Vv

— Isolation trench

Isolation trench

] | = N
Si(220mm)  Sio, Si(65nm) N doping

Fig. 9. a) Layout of the phase shifter. N-doped silicon is used as an electrical connection
between the metal routing and the actual device. Two blue rectangles indicate the position
where platinum was deposited to bridge an etched isolation trench on each side, connecting
the optical waveguide electrically to the ground.

The devices on which we test this phase shifter concept were not originally designed for the
use of liquid crystals, but for MEMS actuation [4]. Because of that, we need to perform also a
small local post-processing step before depositing the liquid crystals, to electrically connect the
side-rail with the external bond pads.
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3.1.  Exposing the silicon waveguide and side-rail structures

Because the iSiPP50G platform incorporates modulators, photo-detectors and two layers of Cu
interconnects, the back-end-of-line dielectric stack needs to be locally etched back to expose
the waveguides, as can be seen in Fig. 9. This process step is also used for other applications
where access to the waveguides is needed, such as sensors. This creates a local recess of 5-6
pm around each device. After this initial opening, which exposes the top of the waveguides, we
applied a short timed etch with buffered hydrofluoric acid (HF) etch to clear the sidewalls of the
waveguides and the narrow trench between the waveguide and the narrow silicon rail on the side.
There is no significant undercut into the buried oxide underneath the waveguides.

Even though the phase shifter device was originally conceived to be used as a MEMS actuator
[4], we do not perform the final fabrication steps where the oxide underneath the waveguide is
selectively removed [19]. The cross section of the optical part of the device is therefore similar
to the desired cross section shown in Fig. 1. This allows us to use these MEMS-devices as a
proof-of-concept demonstrator for a liquid crystal phase shifter, and confirming the integration
potential with IMEC’s iSiPP50G silicon photonics platform without perturbing the integrated
active devices such as modulators and germanium photodetectors.

In Fig. 9, the MEMS phase shifter design used in these experiments is shown [4]. For the
liquid crystal actuation, the waveguide needs to be electrically connected to ground, so two
additional strips of Pt were added using ion-beam induced deposition (IBID), in order to bridge
the electrical insulation trenches of the originally intended MEMS operation and electrically
connect the rail to the N-doped silicon used as electrical routing to the standard iSiPP50G metal
wiring and standard bond pads.

3.2. Liquid crystal deposition

The initial demonstration of this phase shifter principle was carried out using a manual fiber
dip deposition [20] to fill the recessed cavity around the phase shifter with liquid crystal. The
subsequent experiments presented in this work use an inkjet printing technique for precise local
deposition of the liquid crystal instead of the fiber dip deposition. Multiple open recessed cavities
can be automatically filled with the correct volume of liquid crystal. The principle and the results
of this deposition technique are shown in Fig. 10, where an E7 liquid crystal mixture has been
successfully deposited in the cavities. [21,22]

a) '—> nozzle
@)
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mpty cavity
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Crystal
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contact pads

[
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Fig. 10. Deposition a) Schematic of the inkjet printer deposition. The LC can be deposited
locally in an open cavity. b) Optical microscope image of four cavities, of which three
are filled. Black annotations show the circuit elements of the unbalanced Mach-Zehnder
interferometer.

The key advantage of moving to an inkjet printing approach is that the deposition can be
controlled and localized, making the process reproducible and scalable, and avoiding interference
with other optical components such as grating couplers and regular waveguides. In earlier



Research Article Vol. 12, No. 6/1 Jun 2022/ Optical Materials Express 2193

-

O yeje:i] "’;A

/'F-‘

demonstrations of silicon photonic devices with liquid crystals, the liquid crystal was always
covering large areas, or even the entire chip surface. [7,12], making it impractical for widespread
application.

4. Measurements and discussion
4.1. Measurement

The transmission spectra of all devices were measured by sweeping the amplitude of an applied
square wave with frequency of 1 kHz. This modulation is commonly used for liquid crystal cells
to reduce charge accumulation due to ion drift. The LC director aligns to the field lines but not to
the sign of the direction because there is no permanent dipole moment across the entire molecular
axis. [23,24] This electric field alignment occurs due to the dielectric anisotropy Ag, leading to a
stronger polarizability on the long axis of the molecules. The results are shown in Fig. 11.

To measure the induced phase shift from an amplitude transmission measurement, the three
devices with varying core width or gap are each embedded in an on-chip unbalanced Mach-
Zehnder interferometer (MZI) circuit using a 50/50 MMI (MultiMode Interferometer) splitter
and combiner (illustrated on Fig. 10). From the wavelength shift in the transmission spectra we
then extract the phase shifts as a function of the amplitude of the applied square wave.

The 0 V measurements were omitted from these plots as they turned out to be difficult to
reproduce: they exhibited unexpected shifts and noisy patterns, indicating instabilities in the LC
director configuration when no voltage is applied. Our hypothesis is that, because there is only a
well defined alignment close to edges (as explained in section 2.3.1), but no other alignment is
defined (i.e. covering glass with rubbing layer), the LC further away from edges experiences
conflicting alignment conditions. Interaction with the etched structures of the unused comb-drive
can perturb the desired alignment as defined in Fig. 1(a)), and conflicting alignment conditions
might create instability and cause a time varying index in the cladding on top of the waveguide.
Such unpredictable behaviour on top of the waveguide also results in arbitrary phase shifts.
Earlier work [7] indicated that there might be a lower threshold voltage for tilting molecules on
top of the waveguide, which could explain the instability below the threshold of the gap. Future
studies will have to determine the actual cause. As the LC is also exposed to the air, particles
and sound waves can also interact with the cladding leading to undesirable perturbations. The
undefined surface properties (untreated surfaces before deposition of the LC) could have an
influence as well.

It was also observed that the phase tuning effect has a threshold of at least 2 V, a somewhat
higher than expected from the value of the Fréedericksz threshold of the LC Eaetuation. [18] This
is why in this work, we use the more reproducible 1 Vryms measurement as the reference for
the measured phase shift at higher voltages. We did not observe a shift or drift of the spectra
beyond the noise over time. A measurement of a device several days later yielded similar spectra
(both the reference at 1 Vryms and the spectra at higher voltages) with no drift of the reference or
changes in obtained phase shift and extracted electro-optic curve.

The transmission spectra in Fig. 11 show a great deal of noise. This can be attributed to
phase flicker in the liquid crystal during the modulation, and this noise in the time domain
translates into a noise on the transmission spectrum as the wavelength is swept. The phase
flicker can be reduced by increasing the frequency of the quasi-static actuation field Eactuation (see
Supplement 1), but in the implementation presented here the speed of the drive signal is limited
by the electrical characteristics (resistance (R) and capacitance (C)) of the MEMS designs with
deposited Pt bridges we used for this experiments. The comb-drive and the waveguide become
parallel capacitors, increasing the capacitance and thus the RC time constant (t = RC). As can
be seen on Fig. 9(a)), the N-doping serving as electrical routing does not go up to the Pt bridges,
increasing the resistance and the time constant as a consequence. The quality of the Pt bridges
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Fig. 11. Three normalized transmission spectra of different phase shifter devices in an
unbalanced MZI. Each device has either a different waveguide core width or gap size.
a) weore = 400nm, wgap = 250nm. b) weore = 450nm, weap = 250nm. c) Weore =
400nm, wgap = 350nm. Colors indicate the amplitude of the applied square wave. The
‘noise’ on the transmission spectra is a sign of phase flicker in the LC.
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cannot be assessed and they might also have a high resistance, and could induce a capacitance in
series to the actual device capacitance potentially causing a voltage drop.

The parasitic director changes in the "bulk" of the liquid crystal can be seen in Visualization 1,
where the interplay of ambient visible lighting and the LC surface shows a somewhat chaotic
behaviour of the director in the bulk.

The extinction ratio of the transmission curve remains constant during actuation, indicating
little or no change in optical losses in the phase shifter. Any change in absorption or scattering
losses in the phase shifter would affect the balance in the MZI (in either positive or negative
direction) which can be observed in the extinction ratio. We could not observe such a change
within the precision allowed by the phase-flicker noise on the transmission spectra.

Figure 12 shows the extracted phase shift, obtained from fitting a sine function to the MZI
transmission spectra on a linear scale. The phase of the fitted sine corresponds to the phase shift
induced by the LC phase shifter.
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Fig. 12. a) Extracted phase shift from fitting sinusoidal function on transmission spectrum
b) extracted phase shift at V = 10 Vrys from measurement compared to simulations with
weak and strong anchoring

All devices exhibit a similar threshold voltage, but each shows a distinct response. As expected,
it appears that a wider gap leads to a lower responsivity (slope), but changing the waveguide core
size has a more pronounced influence on the saturation value (as discussed earlier this has the
strongest influence on the confinement factor of the waveguide). The responses exhibit a higher
threshold voltage as reported in earlier measurements [25], and this is a strong indication of a
voltage drop elsewhere in the device. This can be attributed to the fact that the device was not
designed for this purpose and we had to modify it with an additional Pt deposition step, and it is
impossible to assess the quality of the bridged trenches with the Pt deposition. Also, the comb
drive structure of the MEMS design can introduce unknown electrical effects as well as disrupt
the director orientation in the liquid crystal.

4.2. Comparing measurements to electro-optic simulations

The simulated phase shifts at V = 10 Vrys (limit of the measurement setup) of the different
anchoring conditions are shown in Fig. 12(b) together with the measured phase shifts, where the
comparison between devices in simulation (weak and strong anchoring serve as upper and lower
boundary of expected values) and the measurements are in better agreement. In reality, it is
possible that each individual device is subjected to different surface conditions leading to different
anchoring energies, as there could be fabrication variations in the geometry (the etch depth could
vary, which is expected to have a strong influence) or undefined surface properties, because there
was no additional surface treatment before depositing the E7 LC with inkjet printing.

A change in geometry can not only influence the anchoring conditions but also influence modal
confinement in the waveguide core. Changes in gap size will result in different values of Eactuation
for similar voltages, resulting in different reorientation of the LC director for different devices at
the same RMS-voltage.
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The required length for a 7 phase shift for V = 10 Vrys is calculated. Results are shown in
Table 3. To extract the VL, product from the measurements, we look for the maximum slope
in the response curves, which are obtained using the 1V spectrum of each device as reference.
On such an operating point the sensitivity to a change in voltage is maximal, so a small signal
applied to this bias point has a maximum effect. For devices with wg,p, = 250 nm this point is
situated around 5 V. The device with wg,, = 350 nm has no observed maximum slope inside
the measurement range, the maximum slope is found to be at 10 V (but could be located at a
higher voltage). The significant influence of gap to this optimal bias is an indication of another
capacitor in series in the network. A wider gap means a smaller capacitance, which increases the
voltage drop caused by a series capacitance.

Table 3. Required length for = phase shift at 10 V, calculated
VL. (V.mm) for small signal modulation at maximum slope of
response and extract losses from MZI power imbalance.

device wg400g250 wg450g250 wg400g350
Ly (10V) (um) 57,88 176,72 126,25
VaLy (V.mm) 0,2198 0,4987 0,5710
@ (dB) 1,53 0,833 2,257

The loss of each device was estimated using the extracted MZI power imbalance (ratio between
power in arms) from the extinction ratio. This means the insertion loss and power imbalance from
the MMIs is included in the reported loss, as is the case for the transitions to the etched recess.
Earlier work with infiltrated slot waveguides in [25] exhibited an estimated loss of 10 + 1 dB
which consists of the lumped loss of two strip-slot waveguide transitions and the propagation loss
of a 1 mm slot waveguide. Even though the propagation loss of slot waveguides can be as low as
6.5 = 0.2 dB/cm [26], the high losses in these measurements are suspected to originate from the
unavoidable strip-slot waveguide transitions. Therefore we expect the loss in our devices to be
considerately reduced, because we maintain a simple strip waveguide geometry, without need for
difficult tapering between very distinct mode profiles. But on the other hand, our best performing
device has a voltage X length product VL, that is about 10x higher, i.e. a 10x lower efficiency.
However, for scalable circuits with a large number of tunable devices, insertion loss is the more
critical performance metric, and this is a strong point of the side-rail approach compared to the
slot waveguide, as we can avoid the loss of the strip-slot transitions. We plan to elaborate and
optimize the insertion loss and back-reflection of this architecture with future experiments using
dedicated designs.

When we compare this work to [11] there is a major reduction of the operational voltage (in
[11] Vinax = 120 Vrums). We have an improved VL, (in [11] VL = 0.72 V.cm) and comparable
total insertion loss.

5. Conclusions

We demonstrated a proof-of-concept of a silicon photonics phase shifter based on liquid crystal
actuation, directly integrated in IMEC’s full silicon photonics platform. The open recessed
cavities in IMECS’s platform enable localized exposure of waveguide structures and inkjet
printing delivers precise localized liquid crystal deposition, allowing side-by-side operation of
the liquid crystal with other active and passive optical components in the platform.

The phase shifter uses a lateral silicon electrode to induce a strong Eactuation with a relatively
low voltage on the side of the waveguide. This enables liquid crystal reorientation below 5 Vrvs.
This device has lower insertion loss compared to previously demonstrated slot waveguide systems,
but with a lower efficiency. While this proof of concept demonstrates the viability of this actuation
mechanism, there are still many opportunities for improvements. First of all, this design was
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originally not intended for this form of actuation, and the additional design features for MEMS
actuation (e.g. the comb drive) can strongly perturb the arrangement of the liquid crystal. Also,
we only used actuation on a single side, but simulations indicate that a two-sided electrode could
achieve 27 phase shift within a length of 50 um. Also, the geometry of the electrical connections
can be further be optimized, and the measurements presented here show signs of phase flicker.
Addressing these shortcomings is the subject of follow-up experiments with designs specifically
aimed to demonstrate liquid crystals as a viable tuning option for large-scale silicon photonic
circuits.
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