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Plasmonic-Enhanced Polymer-Stabilized Liquid Crystals
Switching for Integrated Optical Attenuation

Jialing Jian, Ruizhe Liu, Yuting Ye, Jianghong Wu, Qingyan Deng, Maoliang Wei,
Yiheng Tang, Renjie Tang, Boshu Sun, Hui Ma, Yilin Shi, Chuyu Zhong, Chunlei Sun,

Hongtao Lin, Ming Li,* and Lan Li*

Liquid crystals are widely used in photonics because of their profound
electro—optic properties. However, the slow switching speeds (milliseconds)
and the fluid nature of liquid crystals restrict their potential use in integrated
photonics. In this work, polymer-stabilized liquid crystals are utilized as the
functional material to improve the response time with a polymer network that
helps pre-orientate the liquid crystal. Additionally, plasmonic slot structures
are simultaneously employed to minimize the switch voltage by confining the
optical field within the electrode spacing at subwavelength scales. Thanks to
the large overlap of the optical and electric fields, the scattering states of the
polymer-stabilized liquid crystal can be effectively manipulated to modulate
the loss of the propagating wave, resulting in strong optical attenuation in the
integrated photonic platform. Specifically, a plasmonic enhanced
polymer-stabilized liquid crystal photonic device for operation at 1550 nm,
which has a length of only 10 pm and shows an extinction ratio of

0.38 dB um~"', with a power consumption of less than 6 uyW and a response

time =20 ps, resulting in a figure-of-merit of 0.012 mW.

1. Introduction

Liquid crystals (LCs) are known for their high birefringence and
ability to provide a large index contrast,! which allows for sig-
nificant light modulation and attenuation.!>?! They are also cost-
effective and offer convenient and energy-efficient tunability!*>]

in various optical devices, such as
switches, phase shifters, modulators,
and attenuators.! By introducing LCs
into integrated photonic platforms, on-chip
dynamic modulation of light propagation
can also be achieved with exceptional reso-
lution and efficiency.['*!!] However, current
solutions are limited by slow switching
speeds (in milliseconds), largely occupied
working area (in millimeters), and the
additional packaging and modulation bur-
den caused by LCs’ fluid nature, which
restricts their large-scale and widespread
applications.[12-14]

To enhance the response speed and al-
leviate the impact of LCs’ flow character-
istics, polymer incorporation is used to
form the polymer-stabilized liquid crystal
(PSLC).["*1 The polymer network within
the PSLC films plays a crucial role in the
pre-alignment of LCs, facilitating the rapid
restoration of the original optical states,
which can reduce response time by an order of magnitude down
to 107* s (material system-dependent).[1*-8] PSLC films can also
eliminate adverse effects such as liquid crystal backflow with-
out additional energy consumption.['”) Moreover, the modula-
tion of light transmission of the PSLC film can be regulated to
switch between a light-scattering and a transparent state by ad-
justing the electric field.?! Nevertheless, it is worth noting that
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this PSLC strategy can lead to increased drive voltages, conse-
quently lowering the modulation efficiency.*"?2] One possible ef-
fective solution is to decrease the spacing between the electrodes
to achieve smaller switching voltages!®! while simultaneously en-
hancing the interaction between light and matter to improve the
modulation efficiency and power consumption.[?]

Plasmonic nanostructures have shown great potential in
generating strong localized electric fields to enhance light—
matter interaction on LC platforms. Previous research has fo-
cused on using metal nanoparticles?*2l or metallic metasur-
face structures!?’~?°! to introduce plasmonic resonances. How-
ever, the use of metal nanoparticles introduces unpredictability in
the material systems and limits tunability. Additionally, 2D meta-
surface structures present challenges regarding efficient optical
coupling, working wavelength range, and electrode pad design
for on-chip integrated modulation devices. Due to its compati-
bility with integrated photonic components, the plasmonic slot
waveguide has gained significant attention as a potential solu-
tion for high-speed and efficient on-chip EO modulation.[3%-32l
However, its application and verification in PSLCs have not yet
been explored. Compact plasmonic slot waveguides can achieve
the extreme confinement of light within a few micrometers,!
offering strong interaction between light and PSLC and a near-
perfect overlap between optical and electronic signals across
a broad optical wavelength range.3#3%1 Additionally, plasmonic
slot waveguides feature extremely narrow electrode spacing
(~100 nm). This characteristic allows for generating high elec-
tric field strength, decreasing the required drive voltage for opti-
cal modulation compared to silicon slot waveguides and reducing
the device encapsulation and preparation burden.3¢!

In this study, we present a novel approach to utilizing plas-
monic structures to enhance the electro-optic (EO) response of
PSLC for on-chip integrated optical attenuation. Our device em-
ploys a plasmonic slot waveguide to capture optical field inten-
sity change from the deflection of liquid crystals in PSLC film
under electric field modulation, resulting in a compact modula-
tor with an extinction ratio of 0.38 dB um~!. Meanwhile, this de-
vice surpasses the switching times of EO devices based on LCs,
achieving speeds in the microsecond range while maintaining
low power consumption at the microwatt level. The proposed de-
vice is equipped with a length of only 10 um, a switching time of
around 20 ps, and power consumption for one switching event
as low as 6 uW, obtaining a significant improvement in figure of
merit (FOM) (0.012 mW ps). All these results indicate the poten-
tial of plasmonic hybrid integrated devices for achieving ultra-
compact and energy-efficient optical attenuation on a liquid crys-
tal platform within microseconds.

2. Principle and Concept

Polymer/liquid crystal composite materials primarily utilize the
birefringence of nematic liquid crystals (NLCs), which are reori-
ented under the action of an external field to make reversible
transitions between ordered and disordered states, thus chang-
ing the overall transparency, as shown in Figure 1a. In the “ON”
state, PSLCs are transparent, while in the “OFF” state, PSLCs be-
come opaque due to the disorderly scattering of LC droplets in
response to electric field modulation.l’”) In our device, the tran-
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sition in PSLC films causes a change in the optical mode intensity
at the telecom band.

In PSLC films, the dominant component is LCs, with a low
mass fraction of polymers serving as stabilizers.[*®] We opted for
NLCs (5CB) as they are well-suited for polymer/liquid crystal
blends.*?! Polycarbonate (PC) polymers are used to anchor the
LCs in PSLC films,[“**!l which construct the networks and estab-
lish the initial alignment of LCs while maintaining a specific ori-
entational state without additional orientation procedures.!1642]
This approach does not require extra energy consumption to
maintain states, reduces preparation difficulty, and significantly
decreases liquid crystals’ response times.['#3843] Depending on
the material system, PSLC films based on 5CB LCs can reduce
the response time from seconds to milliseconds.[*~]

However, introducing a polymer network can increase the
drive voltage, reducing modulation efficiency. The driving perfor-
mance (threshold voltage and saturation voltage) is closely related
to electric field strength, which depends on the distance between
the two electrodes.[*’] To suppress the drive voltage and increase
the modulation efficiency, we employed a plasmonic slot waveg-
uide (insert I of Figure 1a) to enhance the device performance.
The plasmonic slot waveguide features the integration of two
metal electrodes placed closely in a narrow spacing of 100 nm,
providing an extremely strong electric field strength, as shown
in Figure 1b. At the same time, the large permittivity contrast at
metal surface-PSLC enables the compression of the optical mode
field into the sub-wavelength range within the plasmonic slot
waveguide (Figure 1c), thus effectively ensuring the considerable
overlap of the optical and electrical fields within the slot region
over a broad infrared wavelength range. The field-interaction
factor (I') in a plasmonic slot waveguide approaches 1, at least
three times larger than that in silicon slot waveguides.*>#%! The
strong localized effects of plasmonic structures guarantee that
the on-chip fast and efficient modulation within a short (10 um)
PSLC film-integrated waveguide can be realized. In addition, the
integration of this structure with PSLC reduces the electrical
packaging burden on the LC-based materials and other photonic
structures.

3. Results and Discussion

We investigated the EO properties of prepared PSLC films before
evaluating the performance of the plasmonic-enhanced PSLC-
integrated attenuation. The preparation process and parameters
of the PSLC films can be found in Section S1.1 (Supporting In-
formation). Due to the difficulty in characterizing the PSLC film
within the plasmonic slot waveguide, PSLC films were coated
onto metal electrodes with a spacing of 15 pm to simulate the vari-
ations of optical properties upon electrical field modulation. The
proposed plasmonic-enhanced device has the same thickness of
approximately 762 nm PSLC film as the prepared ones. To con-
firm the initial orienting effect of the polymer network on the
LC, the reflection spectra of PSLC films were recorded using a
microspectrophotometer (CRAIC 20/30PV) for linear polarized
light at various angles. As depicted in Figure 2a, the film exhibited
the strongest reflection at a polarization angle of 90° than other
polarization angles. The consistent reflection spectra obtained
from multiple positions highlight the considerable and system-
atic impact of the polymer network on the orientation of LCs.
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Figure 1. Device architecture and characteristics. a) Schematic diagram of the proposed device for plasmonic-enhanced polymer-stabilized liquid crys-
tals switching for integrated optical attenuation, in which the plasmonic slot waveguide (Insert I) functions as an effective platform for guiding and
manipulating light. Simulation results show the b) electric field strength of the plasmonic slot waveguide with the PSLC film at an applied voltage of 5V
and c) optical field of the TE mode in the plasmonic slot waveguide with the PSLC film without the applied voltage.
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Figure 2. Characterization of PSLC films. a) Reflection spectra of PSLC films for incident light at different polarization angles (0°, 60°, 90°, 120°). b)
Polarizing microscope images of the film at different applied voltages (0, 45, 90, 135 V). c) Microscale reflection spectra of the PSLC film recorded at
different applied voltages (under linearly polarized light at 90°).
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Figure 3. Characterization of the plasmonic-PSLC electronic—optic device. a) Schematic representation of the passive device fabrication process. b)
SEM image of the plasmonic slot waveguide (W_go; X h_o; 100 X 100 nm). c) Polarizing microscope images of the proposed device and its functional

region.

Subsequently, we investigated the EO properties of the prepared
PSLC films to confirm how the electric field modulates the opti-
cal state of the film at a polarization angle of 90°. As the applied
electric field between the parallel electrodes increases, the PSLC
experiences an accumulation of light scattering and changes in
orientational state, indicated by the emergence of a progressively
brighter white spot in Figure 2b. Meanwhile, the state switch-
ing is always observed at the tips of the electrode pads as the
electric field strength is concentrated in those areas where the
electric field intensity closely approximates that provided by the
plasmonic slot waveguide, as shown in Section S2 (Supporting
Information). It was noted that as the electric field strength in-
creases, the scattering of light and disordering of orientations in
the LC film is intensified, resulting in a higher optical loss in the
PSLC films shown in Figure 2c. Drawing from these phenom-
ena, we assert that using this film as cladding on a plasmonic
slot waveguide, which can generate strong electric fields, offers a
promising approach to manipulating the optical intensity of pho-
tonic devices.

We fabricated the proposed device to investigate plasmonic-
enhanced optical attenuation performance in PSLC films. The
preparation process is illustrated in Figure 3a, with specific de-
tails provided in Section S1.2 (Supporting Information). The de-
vice’s active region comprises a pair of photonic—plasmonic mode
converters (silicon—plasmonic tapered coupler) and a plasmonic
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slot waveguide, as depicted in Figure 3b. The photonic mode in
the silicon waveguide is converted into the plasmonic mode in
the plasmonic slot waveguide by the silicon—plasmonic tapered
coupler. The width (w_g,,) and height (h_,) of the plasmonic
slot waveguide are denoted as w_g,, X h_g,, (*100 X 100 nm),
with dimensions in the sub-micrometer range. This architectural
configuration features an exceptionally narrow inter-electrode
spacing providing ultrahigh electric field intensity (Figure 1b)
and only supports the fundamental transverse electric (TE) mode
(polarization 90°), as shown in Figure 1c. The proposed device, as
illustrated in the insert of Figure 3c, includes two silicon coupling
waveguides, a plasmonic slot waveguide, and the coated PSLC
film on the top. The LC droplets are dispersed throughout the
polymer network in PSLC film, with sizes on the sub-micrometer
scale.[*50]

To further elucidate the operational principles of the device, we
used an ellipsometer to extract refractive indices and absorption
coefficients of the PSLC film (Figure Sle, Supporting Informa-
tion) in the region near the electrode pads tips at various voltages,
where the electric field intensity is more analogous to that in the
plasmonic slot waveguide. Utilizing the obtained values, we in-
tegrated them into the plasmonic slot structure and simulated
the optical field variations at different working voltages whose
electric field intensity aligns with the region near the tips of the
electrode pads. This involved estimating the effective refractive
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Table 1. Effective refractive index, optical loss, and confinement factor of
the TE mode in the device at different applied voltages.

Status Applied Mode  n.g Loss Mode confinement
voltage [dB um™] factor [%)]
Device without the 0 TE 1.108 0.52 31.45
PSLC film
Device with the 0 TE 1.528 2.03 20.40
PSLC film
Device with the 0.75V TE 1.548 2.15 19.89
PSLC film
Device with the 225V TE 1.673 3.41 15.41
PSLC film

indices, optical losses, and optical mode confinement factors for
the optical TE modes. As shown in Table 1, increasing work-
ing voltage enhanced scattering within the PSLC films, leading
to higher optical losses. Indeed, the disorder in LCs alignment
driven by the voltage results in enhanced orientation disorder
within the optical field, weakening the slot waveguide’s confine-
ment of light, as shown in Section S3 (Supporting Information).
This conclusion is consistent with the observed variation pattern
of the simulated optical mode confinement factor representing
the ratio of light within the waveguide. To quantify the strength
of the EO interaction of modulating field and optical mode, we
calculated the field interaction factor I' between PSLC and opti-
cal mode.’! The T is defined by Equation (1), traditionally used
in the literature,[? and can also be approximated in a simplified
form as

CEWygy /fAslot |Ex (xy Y) |2dde
[ Re(E(x,y) X H* (x,y) e,dxdy

1)

where ¢ is the speed of light, and n,,, represents the refractive
index of active materials (PSLC). It is usually calculated as a ra-
tio between the optical power in the cross-section of the interac-
tion region and the total power propagating in the whole modal
cross-section. In the case of plasmonic slot waveguides, I" slightly
underestimates An.g/An,,, 33523 In our device, the change in
the effective refractive index of the device is 0.145, as shown in
Table 1, and the refractive index of the material has varied by 0.16
under the influence of an electric field extracting from the ellip-
someter. The calculated I is 0.91, nearly 2.8 times higher than
existing reports based on silicon slot waveguides.>*! Therefore,
this demonstrates that the plasmonic slot waveguide imparts an
ultrahigh responsiveness to the device for changes induced by
the electric field in the PSLC film. Based on these findings, it
is evident that the plasmonic slot architecture does help enhance
the optical attenuation in the PSLC film-integrated photonic plat-
form by providing ultrahigh electric field intensity and strong
optical-electric field overlap.

Figure 4a depicts how the plasmonic-enhanced PSLC film-
integrated device realizes the on-chip optical attenuation. When
the PSLC film is transparent, the device is in the “on” state; when
it scatters light, it is in the “off” state. We initially tested the de-
vice’s optical losses under different voltages. As voltage rises,
scattering intensifies, leading to increased optical losses. When
a voltage below 2 V is applied to the device, there is little change
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in optical loss. However, when the voltage exceeds 5 V, the de-
vice’s loss tends to saturate. At a wavelength of 1550 nm, the ex-
tinction ratio using the extinction power per unit working area
lengthl>>°] can be calculated as 0.38 dB um™' at 5 V, demon-
strating a strong modulation effect in Figure 4b. We checked
that the switching voltage for the “off” state is at 1.89 V (90%
to 10%), while the “on” state is at 4.15 V (10% to 90%). Addi-
tionally, the energy consumption (P) required for a single state
transition is approaching 6 pW, as Figure 4c indicates. We cy-
cled the device on/off five times with —5 and 5V, as shown in
Figure 4d. We tested it with 100 switching cycles, too. The mea-
sured 10-90% rise time(z,, ) is 28.87 us, and the 90-10% (7 4) fall
time is 21.58 ps, primarily influenced by electrical driving inten-
sity, as shown in Figure 4e,f. The plasmonic slot waveguide has
greatly improved the device’s response time compared to other
integrated optical devices that use LCs or PSLCs as a basis with
usually time constants of milliseconds.[**>”] To compare the per-
formance of the optical devices with those of previously reported
works, the FOM was defined as P-z (mW ps). Here, P is the elec-
tric power for achieving a single state transition, and 7 is the av-
erage value of the response time constant 7, and 7 4 The FOM
of 0.012 mW ps was achieved, which at least reduces three or-
ders of magnitude than other EO switches, as shown in Table S1
(Supporting Information).

We also examined the dynamic response of plasmonic-
enhanced PSLC devices at various temperatures. This investiga-
tion was important because the devices’ response time can be af-
fected by the LCs’ viscoelastic properties, which are highly de-
pendent on temperature.*’] Figure 5a shows the experimental
configuration for device testing, wherein a temperature control
system was used to adjust the environmental temperature. We
applied the signals with the same intensity and frequency to mea-
sure the device’s response time at various temperatures. First, as
shown in Figure 5b, the contrast between the “ON” and “OFF”
states decreases. This phenomenon is due to the transition of the
behavior of LCs from anisotropic to isotropic as the temperature
approaches the clearing point (55-60 °C) and the refractive in-
dex of the LCs approaches the unusual refractive index (n,), re-
sulting in the temporary disappearance of the scattering state in
the film.I®] In addition, as the temperature increases, we observe
that 7 g of the device decreases while 7, increases, as shown in
Figure 5b. Theoretically, the response time can be predicted ac-
cording to Equations (2) and (3)

02
Ty ¥ ———————— (2)
aev? - X2
R’c
N ——O 3
Tof ¥ g 1) ()

where V is the applied electric field, the droplet radius (R)
of LCs, while other parameters are related to polymer /LC
blends, including elastic constant (K), dielectric anisotropy
(A€), shape anisotropy (l), and rotational viscosity constant
(0), respectively.®*°!l With the temperature rise, the shape
anisotropy (l) and dielectric anisotropy (A¢) of the LC molecules
decrease, leading to an increase in 7., according to Equa-
tion (2).1*] Based on Equation (3), the rotational viscosity con-
stant (o) of LC molecules may decrease as the temperature
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Figure 4. Electronic—optic response of the proposed device at 25 °C. a) Schematic illustration of the device film status in on and off states. b) Comparison
of optical losses in the device at different applied voltages. c) Current and optical power variation at different applied voltages. d) Real-time trace of the
device’s normalized optical transmission (black line) with the corresponding applied voltage (blue line) during five switching on and off cycles. Measured

temporal responses of €) on and f) off states in the device.
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Figure 5. Dynamic response testing of the device at different temperatures. a) Schematic diagram of the device testing setup at different temperatures. b)
Real-time variations of the device’s dynamic response measured at different temperatures, including both before and after the clearing point temperature

of the liquid crystal.

increases, lowering the rotational resistance of the LC molecules,
which leads to a decrease in 7,4.1*”! Consequently, with tempera-
ture changes, the difference between the rising and falling edges
of the response becomes more pronounced. As shown in Table 2,
the device’s switching speed remains around 20 ps, indicating
that our device’s switching time can consistently stay within this
range, suggesting that the effect of the plasmonic structure on the
performance enhancement of the proposed device is very stable.

As a result, it can be seen that the proposed design offers a
novel approach to developing power-efficient LC-integrated de-

Table 2. Device switching states and response times at different tempera-
tures.

Temperature [°C] 25 30 35 40 45 50 55 60

Response time [us] 21.58 21.53 18.03 15.53 12.67 1249 1160 2861

Adv. Optical Mater. 2024, 2400281
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vices that can potentially achieve single-digit microsecond re-
sponses and intensity modulation across a wide temperature
range. This highlights a significant advantage of LC-based de-
vices compared to others,*’] as detailed in Table S1 (Supporting
Information). In our subsequent work, we can improve the device
performance by choosing LCs with higher clearing points,®?! op-
timizing the LC-to-polymer ratio.|®*! Additionally, we can further
enhance the modulation efficiency by doping nanoparticles into
the PSLC films, thus improving the refractive index contrast of
the thin film and suppressing the threshold voltage.

4. Conclusion

In this study, we utilized a plasmonic slot waveguide to en-
hance the EO properties of PSLC to offer an energy-efficient,
fast, and compact solution for integrated optical attenuation.

© 2024 Wiley-VCH GmbH
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Polymer-stabilized liquid crystals serve as one kind of re-
configurable material in photonic switch devices, enabling
sub-millisecond response times through electronic control of
material scattering. The introduction of polymer enhances the
response speed of liquid crystal and mitigates the negative ef-
fects of liquid crystal flow on the fabrication process. Plasmonic
slot waveguides accomplish a perfect overlap between the opti-
cal and electrical fields, providing not only an ultra-narrow elec-
trode spacing to reduce switch voltages but also a robust optical
field confinement to enhance the device’s modulation efficiency,
resulting in an extinction ratio of 0.38 dB um~'. The device is
only 10 um in length, with estimated power consumption below
6 uW, and a response time of approximately 20 us, correspond-
ing to a FOM of 0.012 mW ps. This expands the applications of
liquid crystal devices in integrated photonics, offering a viable
solution for achieving low-power consumption, high-speed, and
ultracompact optical switches and attenuators.

5. Experimental Section

Experimental details, including materials, characterizations, simula-
tion, and measurement, are listed in the Section S1 (Supporting Informa-
tion).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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