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Abstract—We demonstrate a phase shifter using a silicon slot
waveguide infiltrated with liquid crystal. For a 1 mm long device
we achieve 73π phase shift with a 5 V voltage, with a voltage-
length product of 0.0224 V·mm around 1 V. We drive the phase
shifter with a digital 1 V, duobinary pulse-width-modulated
signal, or a 1 V frequency-modulated signal. This enables direct
digital CMOS control of an analog optical phase shifter.

Index Terms—Silicon Photonics. Slot Waveguide. Liquid Crys-
tal. Phase modulator

I. INTRODUCTION

Optical phase shifters in silicon are usually based on thermal
or plasma-dispersion effects [1], which are generally quite
weak (having a high Vπ · Lπ product), requiring long phase
shifters or high driving voltages. Hybrid devices combining
silicon with electro-optic materials can have a much higher
efficiency, and various examples have been demonstrated using
slot waveguides filled with electro-optic polymers [2], [3].
For modulation, the first criterium is efficiency and operation
speed, but for tuning and switching power consumption is a
greater concern. We present an optical phase shifter based on a
silicon slot waveguide infiltrated with liquid crystal. Compared
to other organic electro-optic materials, liquid crystals exhibit
a very strong but slow electro-optic effect. Tuning of silicon
waveguides based on liquid crystals has been demonstrated
before [4], [5], [6]. A liquid crystal in a slot waveguide
increases the confinement of light in the LC and at the same
time the electric field strength between the LC electrodes,
dramatically reducing the switching voltage [7].
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The accuracy of the electrical control of the phase shifter is
very important, and the precision and linearity of a digital-to-
analog converter can easily become a limiting factor. Instead
of a DAC circuit, we use the limited response time of the liquid
crystal to convert a digital drive signal into an analog phase
modulation. Using a fast 1 V pulse-width-modulated (PWM)
signal, we demonstrate a 30π phase shift in a 1 mm device,
as we already summarily reported in [8]. Alternatively, we
demonstrate a similar phase shift using frequency modulation
of a 1 V digital AC signal.

II. CONCEPT AND DESIGN

The concept of our device is shown in Fig. 1.We embedded
the phase shifter in a Mach-Zehnder interferometer (MZI), so
we can measure a phase shift by observing the amplitude
modulation. To balance the losses, both arms have a phase
shifter, but we keep one arm shorted and grounded. The
slot waveguides provide both high electrical and high optical
confinement. The narrow slot width (∼ 150nm) results in a
high electric field to reorient the liquid crystal molecules. We
simulated the device using a finite element based Q-tensor
model [9]. Fig. 2 shows both the electric potential in the
liquid crystal and the orientation of the liquid crystal director.
It shows that, without a voltage, the liquid crystal molecules
align with the silicon slot waveguide. With a voltage of 2 V
we see a reorientation in the slot. We used the properties of
E7 liquid crystal for this simulation, the same material as we
use further in the experiment [10].

Fig. 1. Conceptual cross section drawing: The two arms of the Mach-Zehnder
Interferometer have a slot waveguide infiltrated with liquid crystal.
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Fig. 2. Simulation of the E7 liquid crystal in the slot waveguides. The color
background indicates the local electrical potential (a) Orientation of the LC
molecules without bias, and (b) when a voltage is 2V is applied.

The slot waveguide also gives a very strong optical confine-
ment for the TE mode of the waveguide. We simulated the
optical mode using the full anisotropy of the liquid crystal in
the slot waveguide [11], and Fig. 3 shows how most of the
light is confined in the slot. The large overlap of the light with
the liquid crystal will result in a very strong modulation of the
effective index. Fig. 4 shows the simulated change in effective
index of the TE mode when increasing the voltage over the
slot. We obtain a change in neff of over 0.05. However, the
dependence of ∆neff on voltage depends strongly on the
anchoring energy of the liquid crystal to the silicon sidewalls.

III. FABRICATION

The Mach-Zehnder devices were designed at Karlsruhe
Institute of Technology and fabricated in IMEC. The slots are
patterned using a 220 nm silicon etch, while the waveguides
are etched only 150 nm on the side, allowing electrical
contacting. The silicon is n-doped in the core, with a higher
doping and silicidation further away from core [12]. A top
cladding of 1µm of silicon dioxide is deposited. The electrode
fabrication uses a damascene process with tungsten vias and
copper wires, finished with aluminium-copper pads. After pas-
sivation, the cladding is etched back using a dry etch process
and a buffered-HF wet etch, opening the slot waveguide.

Fig. 3. Intensity profile of the TE mode in the slot waveguide without voltage.

Fig. 4. Simulation of the effective index of the TE mode when applying a
voltage over the liquid crystal in the slot waveguide, for different anchoring
strengths of the silicon surface.

The resulting cross section is shown in Fig. 5, with a slight
undercut in the buried oxide
After opening the top cladding, the liquid crystal is applied
directly on the chip. It is difficult to verify whether the slot is
completely filled, but from the experiment we can assume that
the infiltration is quite efficient. The slight undercut is most
likely also beneficial for the infiltration.

IV. DEVICE CHARACTERIZATION

We measured the optical transmission of the device by
coupling light in using a fiber grating coupler and coupling
the light out through another grating coupler. At the same
time, we electrically probe the sides of the slot waveguides.
After probing, we deposit a drop of liquid crystal. This is
shown in Fig. 6 and Fig. 7. When applying a voltage over one
arm, the phase shift will result in an intensity change at the
MZI output. We operate the phase shifter in alternating current
(AC), to avoid the buildup of an ionic charge layer. The AC
frequency is between 30 kHz and 1 MHz, beyond which the
response of the E7 liquid crystal is too small [13], [10].

A. Optical Transmission

The grating couplers have a peak efficiency of -5.5 dB each
at 1510 nm, but maintaining optimal alignment after liquid
crystal deposition was difficult in our experimental setup. The
on-chip loss of the Mach-Zehnder interferometers is -11 ± 1
dB, which includes the splitter and combiner. From this, we

Fig. 5. SEM cross section of the slot waveguide after back-end opening.
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Fig. 6. Schematic of the measurement of the liquid crystal phase shifter. To
characterize the phase modulator, the electrodes over one arm are shorted and
grounded.

Fig. 7. Microscope image of the chip with fiber and electrical probes (a)
before applying the liquid crystal, and (b) after applying the liquid crystal.

estimate the loss of the 1 mm phase shifter to -10 ± 1 dB,
including the strip-to-slot waveguide transitions.

B. Phase response

We characterized the static response by sweeping the AC
amplitude from 0-5 V over 0.5 seconds, while we observed
the intensity modulation, recording the peaks and zeros corre-
sponding to a 0 and π phase difference. The resulting phase
shift, in multiples of π, is plot in Fig. 8. For 5 V we achieve a
modulation of 73π, where the effect saturates. This indicates
a complete reorientation of the liquid crystal molecules. Fig.
9 shows the modulation efficiency, expressed in π phase shift
per volt (for the 1 mm phase shifter), as a function of the
bias voltage. We have the highest modulation efficiency around
1 V, with a differential phase shift of dφ/dU = 44.53π/V ,
corresponding to a voltage-length product of 0.0224 V·mm.

C. Switching time and power consumption

We measured the switching time of the device from an off-
state to a nearby on-state and back. The switch-on and switch-
off time is between 1.4 ms and 2.5 ms, but we see no clear
dependence on the bias voltage between 0.2 V and 2.7 V. De
transients between 2.4 V and 2.5 V are shown in Fig. 10. When
we apply a 4 V pre-emphasis, we can reduce the switching
time to 100 µs, but this complicates the control.
The power consumption of charging the slot capacitor is
extremely low and difficult to measure directly. We could
deduce an upper limit of 2 nW.

V. DIGITAL CONTROL

Instead of using an analog control of the phase shifter, we
explored the use of a digital signal. This is possible because
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Fig. 8. Phase shift as a function of control voltage. A phase shift of 73 π is
achieved at drive voltage of 5 V.

of the high modulation efficiency and the good response of
the phase shifter at low voltages. The relatively slow response
enables digital averaging, rather than a dedicated digital-to-
analog circuit. We present two control strategies: pulse-width
modulation (PWM) and frequency modulation (FM).

A. Pulse-width modulation (PWM)

With pulse-width modulation, we use the duty-cycle of
a digital train to control the average voltage. The LC will
respond only to the RMS of the voltage. The precision of the
control is determined by the word length, with the requirement
that the word should be much shorter than the switching
time. We used a word rate of 25.6 kHz. One complication
is that the liquid crystal requires an AC signal with a net zero
voltage. Therefore, we use duobinary encoding where pulses
are alternatingly positive or negative, as shown in Fig. 11.
We sweep the duty cycle of the PWM and record the output of
the MZI, measuring the oscillations between constructive and
destructive interference. The observed phase shift as function

Fig. 9. Small signal modulation efficiency of a 1 mm long phase shifter as
function of bias voltage. A maximum efficiency of 44.53π/V is observed,
corresponding to a modulation efficiency of Vπ · Lπ = 0.0224V.mm
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Fig. 10. Transient switch-on and switch-off transmission (Applying a π phase
shift between a drive voltage of 2.4 V and 2.5 V)
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Fig. 11. Duobinary PWM drive signal.

of duty cycle for 1 V is shown in Fig. 12. For the 1 mm phase
shifter we observe a maximum of 32π phase shift.

B. Frequency Modulation (FM)

An alternative control scheme relies on the decrease in
response of the liquid crystal at higher frequencies. This effect
depends on the bias voltage [13]. With a constant 1 V AC
drive voltage but changing the AC frequency, we can control
the phase shift. In Fig. 13 we sweep between 200 kHz and 1
MHz and we observe a −30π difference in phase shift, with
a quite linear response with frequency.
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Fig. 12. Phase shift with increasing duty cycle of the PWM drive signal at
1.0V. We observe a phase shift of 32 π.

Fig. 13. Induced phase shift as a function of the AC frequency with constant
amplitude of 1 V, relative to the shift at 200 kHz. Up to −30π phase shift
can be obtained between 200 kHz and 1 MHz.

VI. CONCLUSION

We have demonstrated an efficient phase shifter using a
silicon slot waveguide with liquid crystal filling. The mod-
ulation efficiency is 0.0224 V·mm, and we controlled the
device directly with digital signals using PWM and frequency
modulation. With a 1 V drive voltage we achieve 30π phase
shift over 1 mm, which means a 2π phase shifter can be
realized in 70 µm.
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