Controlling Stiction in Nano-Electro-Mechanical Systems Using Liquid Crystals
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Abstract: Stiction is one of the major reliability issues limiting practical application of
nano-electro-mechanical systems (NEMS), an emerging device technology that exploits
mechanical movements on the scale of an integrated electronic circuit. We report on a
discovery that stiction can be eliminated by infiltrating NEMS with nematic liquid
crystals. We demonstrate this experimentally using a NEMS-based tuneable photonic
metamaterial, where reliable switching of optical response was achieved for the entire
range of nano-scopic structural displacements admitted by the metamaterial design. Being
a more straightforward and easy-to-implement alternative to the existing anti-stiction
solutions, our approach also introduces an active mechanism of stiction control, which
enables toggling between stiction-free and the usual (stiction-limited) regimes of NEMS
operation. It is expected to greatly expand the functionality of electro-mechanical devices
and enable the development of adaptive and smart nano-systems.
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Nano-electro-mechanical systems (NEMS) are integrated miniature devices that combine electrical and
mechanical components at the nano-scale. They have demonstrated great potential for a wide range of
applications including nano-actuators and sensors,'™ electromagnetic detectors and quantum transducers,*®
low power electronic/optical switches and relays,”” memory'®'? and, recently, re-configurable metamaterials
and plasmonic devices.”'® The advancement of NEMS technology, however, is hampered by reliability
issues such as ‘stiction’ — unintentional adhesion between compliant surfaces of the mechanical components,
which leads to their permanent damage.'”"®

Stiction occurs when surface adhesion forces such as capillary, van der Waals or electrostatic forces (as well
as their combinations) are stronger than the mechanical restoring force exhibited by an actuator. Although
stiction can normally be prevented at the device fabrication stage by changing the surface hydrophobicity, or
by eliminating liquid-vapor interfaces through supercritical fluid, freeze-drying or dry-release methods,'*'
failure may still arise due to changes in ambient conditions, or during routine operation of the device when
its mechanical components come into close contact with each other. Currently employed methods of tackling
stiction include surface treatment and coatings,”>* and tailoring the designs of cantilevers and contact
electrodes.”® Being recognized as the major problem in micro-scale electromechanical systems
(MEMS)'"*7 stiction has even higher impact on the reliability of NEMS, which are characterized by
substantially larger surface-to-volume ratio. In the latter case, however, the application of stiction-preventive
measures that have been found effective for MEMS**** is quite challenging given the scale of NEMS
devices.

Here we show that infiltrating NEMS with nematic liquid crystals (as illustrated in Figure 1a) yields a
simple, yet efficient, alternative to the existing anti-stiction solutions, and enables robust control of nano-
scopic actuations in NEMS for the entire range of physically allowed displacements. Our approach also
enables on-demand, fully reversible transition between stiction-free and stiction-limited regimes of NEMS
operation, which could greatly expand the functionality of the integrated electro-mechanical systems.

RESULTS AND DISCUSSION

In the reported study NEMS was represented by a re-configurable planar metamaterial (metasurface) — a
nano-patterned thin metal film with diffraction-free resonant response that can be tuned mechanically, via
electrically induced displacements in the fabric of the structure.’’ Our choice of this particular type of NEMS
was determined by the convenience of detecting nano-scopic structural displacements, which for a
metamaterial can be done optically, by observing modifications of its transmission spectra. Our metamaterial



was based on a periodic array of connected V-shaped metallic nano-resonators, a tried-and-tested design®*>*

that resembles a continuous ‘zig-zag’ wire grid (see Figures 1a and 1b). The grid (gold) was attached to, and
fully rested on, an array of dielectric nano-bridges (silicon nitride). The nano-bridges had the same shape and
width as the wires of the grid (Figure 1c), and could mechanically flex in the plane of the array. To reduce
the stiffness of the metamaterial structure its zig-zag sections received straight extensions at both ends (see
Figure 1b). Adjacent wires were electrically grouped into pairs in an alternating fashion, such that odd and
even pairs were disconnected from the opposite sides of the gold frame, as shown in Figure 1d. Those
modifications of the design allowed us to apply a potential difference between the pairs, and induce uniform
lateral displacements of the zig-zag sections via the combination of electrostatic attraction and repulsion
between the wires, as illustrated in Figure 1a. Overall, the metamaterial structure was configured to operate
in the near-IR, exhibiting plasmonic resonance as a peak in the transmission spectrum at around 0.9 pm (see
Figure 2d).
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Figure 1. Nano-electro-mechanical system under study. (a) An artistic impression of a mechanically re-configurable
zig-zag metasurface (cross-section) infiltrated with a liquid crystal. Red and blue arrows indicate the directions of
electrically-induced displacements for the nano-bridges baring opposite potentials. (b) SEM image of the fabricated
metasurface. Scale bar corresponds to 2 um. (¢) & (d) Close up view of the areas marked in panel (b) with green and
purple boxes, respectively. Images were taken with SEM at 52° to the normal and colour-coded to enhance the contrast
between gold (yellow) and silicon nitride (grey). Scale bar corresponds to 300 nm. Symbols ‘+’ and ‘-’ indicate the sign
of the electrical potential applied to the corresponding wires.

The failure of the re-configurable metamaterial due to stiction was first observed directly under a scanning
electron microscope (Figures 2a-2c, for movies see Supporting Information). The nano-bridges that bore the
wires connected to opposite potentials came into physical contact with each other at V,=2.7V (pull-in
voltage) and remained stuck upon withdrawal of the voltage. That permanently transformed the pattern of
the metamaterial from a single- to a double-wire zig-zag grid (Figure 2c), which was also detected optically
as an irreversible change in the transmission spectrum of a pristine metamaterial sample (see Figures 2d and
2¢). In particular, with the potential difference ramping from 0 to 2.9 V for the first time the level of
transmission at the resonance was seen to decrease from about 53 % to 48 %, falling sharply between 2.3 and
2.9 V. The level of transmission remained unchanged when we increased the bias voltage further, past 2.9 V,
and then ramped it down to 0 V (see Figure 2¢).

Similar behaviour was observed for a pristine metamaterial sample infiltrated with a liquid crystal (LC) in
the isotropic phase, namely kept above the clearing temperature. The main difference was that the presence
of LC shifted the metamaterial resonance by about 0.3 pm towards the IR and marginally affected the overall
transparency of the sample, which exhibited permanent switching from 43 % to 30 % (see Figures 3a and
3b). Also, local increase of electric permittivity caused by the presence of LC had affected the pull-in voltage
range, which shifted to higher values with the lower and upper bounds being 5.0 and 6.5V (V,~ 5.8 V).



Once the potential difference exceeded 6.5 V the transmission spectrum would not change, regardless of the
bias applied thereafter, signifying mechanical damage of the re-configurable structure.

The situation changed dramatically when we cooled the apparently damaged, LC-infiltrated sample to room
temperature, thus forcing the transition of LC from the isotropic to the nematic phase. Firstly, upon lowering
the temperature at 0 V, the transmission spectrum seemed to recover to its initial state — as had been
observed just after the infiltration of the metamaterial (Figure 3¢). A minor change is attributed to the optical
anisotropy of LC, which in our case was relatively week and expected to result in a spectral shift of less than
3% (see Supporting Information). Next, we regained the ability to tune the resonant response of the
metamaterial within the previously established limits of the transmission level (43 — 30 %) and bias voltage
(0—6.5V), although this time in a continuous and reversible manner. In particular, when we ramped the
voltage up, the level of transmission decreased more gradually, without a sharp drop characteristic to the
onset of stiction (see Figure 3d). The change of the metamaterial response was complete at 6.5 V with no
further modifications of the spectrum visible at higher voltage (increasing the voltage past 7 V often led to
electrical breakdown of the samples). However, contrary to the previous scenarios (involving isotropic LC or
no LC), the transparency of the sample was also seen to recover during the voltage ramp-down, as soon as
the potential difference dropped below 6.5 V. Figure 3d shows that the trends of the transmission change
measured with increasing and decreasing bias voltage overlapped except for the very first ramp-up-ramp-
down cycle, when a slight hysteresis was observed.

534

L 45- ; < 504
S 407 ! S 51-
5 30- : 5
© | 494
= 25 ! E Ramp down

204 i 484 &

L ! No LC
15- T T T T T T T T T T T 1 47 || 1 1 1 | ||
0.7 09 11 1.3 1.5 1.7 19 0 05 115 2 25 3 35
Wavelength (um) Bias voltage (V)

Figure 2. Irreversible electro-mechanical switching of re-configurable metasurface. (a) — (c) SEM images of a
fragment of the metamaterial wire grid captured at 0 V (a), 2.0 V (b) and 2.7 V (c) in the course of electro-mechanical
switching. Scale bar corresponds to 200 nm. Symbols ‘+’ and ‘-’ indicate the sign of the electrical potential applied to
the corresponding wires. (d) Transmission spectrum of the metasurface acquired at different bias voltage during the first
voltage ramp up in the range 0—3.1 V. Dashed line marks the position of the metamaterial resonance at 0 V.

(d) Transmission of the metasurface measured at the resonance wavelength (0.9 pum) while ramping bias voltage up and
down for the first time.



Remarkably, by cycling the phase of LC between nematic and isotropic we were able to toggle between
reversible (Figure 3b) and irreversible (Figure 3d) regimes of controlling metamaterial transmission.

While irreversible switching of an LC-infiltrated sample was a clear manifestation of NEMS stiction, the
discovered regime of its reversible operation must have also engaged actuations of the nano-bridges, yet
somewhat immune to stiction. Indeed, according to our simulations (see Supporting Information), the re-
orientation of nematic director in the bulk of LC layer and the corresponding changes of optical anisotropy
would have occurred below 3.0 V. Also, the measured overall change of the metamaterial transmission in the
presence of nematic and isotropic LC had the same magnitude, which together with the simulation results
rules out electrically controlled birefringence as the only mechanism for the observed transmission variation.
Besides, toggling between reversible and irreversible regimes of metamaterial optical switching could only
be possible if the nano-bridges became unstuck upon cooling the sample and were free to move while LC
remained in the nematic phase. The behaviour of metamaterial transmission around 6.5 V (Figures 3b & 3d)
suggests that the magnitude of the structural deformation at the end of the voltage ramp-up reached the
physically allowed limit, where every other gap between the nano-bridges had closed up. That brought the
nano-bridges within the effective range of the surface adhesion forces and should have resulted in stiction,
just as it occurred while LC was in the isotropic phase. Below we discuss possible mechanisms of the stiction
suppression, deferring an in-depth quantitative analysis of the effect to a future publication.

45

LC isotropic phase

(@) 44 (b)
__ 404 42
g 2
= 35+ S 40+
(@) [
% 30- S 38- _ _
é’ : @ LC isotropic
@ 25 5 'E 36+ phase
c , ' 7]
g 204" | g 34 4
\ | [
154 W : 32 Ramp down
) i
I

45 T T T T T T T T T T L I I I I I I 1
(c) o — ]
40 424
> 35+ g 40
s c
‘o 30 © 381
X7} ! @
g 254 i ?, 364
S 20 ! & 34-
= * ! =
15+ ! 324 .
' LC nematic phase LC nematic phase
101_| | 1 | | | 1 1 || | 1 1 30 || 1 1 1 | | 1
07 09 11 1.3 15 17 1.9 0O 1 2 3 4 5 6 7
Wavelength (um) Bias voltage (V)

Figure 3. Switching behaviour of re-configurable metasurface infiltrated with liquid crystal.
(a) & (c) Transmission spectrum of the metasurface measured at different bias voltage during the first voltage ramp up
in the range 0 — 7 V while maintaining the liquid crystal in isotropic (a) and nematic (c) states, respectively. Dashed
lines mark the position of the metamaterial resonance at 0 V. (b) & (d) Transmission of the metasurface measured for

correspondingly isotropic and nematic states of the liquid crystal at the resonance wavelength (1.2 pum) while ramping
bias voltage up and down.



The main failure mode of electrostatically driven actuators and capacitive switches that is related to stiction
is dielectric charging.**® The reduction of parasitic, electrostatic attraction between silicon nitride nano-
bridges (which are charged to at least 6.5 V upon irreversible switching) is therefore one of the likely causes
of the observed stiction-free behaviour. In particular, one may expect the attraction force F,, to decrease as
the result of a change of the local dielectric permittivity ¢ during the transition of LC to the nematic state. In
this case the permittivity of LC becomes highly anisotropic, while the residual electric field between the
nano-bridges is strong enough to deform the LC director locally and orient most of the LC molecules along
the field lines.”’”® The switching of LC phase from isotropic to nematic is thus accompanied by an increase
of the static dielectric constant in the vicinity of the closed gaps and, given that F, oc 1/¢ for electrically
isolated charged bodies, can in principle trigger the release of the nano-bridges at zero bias. However, this
mechanism of stiction suppression no longer applies during the actuation of the nano-bridges, when the
metamaterial wire grid is connected to a voltage source. In this case F,; o« &, so at the end of voltage ramp-up
the electrostatic attraction mediated by the nematic phase of LC turns out to be even stronger than in the case
of isotropic LC (which is also supported by the results of our simulations, presented in the Supporting
Information). It cannot be counteracted by the London dispersion forces, since for a symmetric configuration
(such as a pair of silicon nitride boundaries separated by a dielectric layer) they were shown to be always
attractive.”*® We also rule out electric discharge as an anti-stiction mechanism specific to nematic phase — it
would involve localised heating and hence resulted in distortions of LC, which could be easily observed
under polarized optical microscope in the course of our measurements; besides, ion mobility in nematic
phase is generally lower than in the isotropic one.*'

We therefore conclude that stiction-free switching of the re-configurable metamaterial resulted from an
increase of the mechanical restoring force, which must have acquired a contribution from elastic distortions
of LC. For example, the electric field between closing nano-bridges (> 10 kV/mm) may cause a substantial
increase of LC viscosity near the gap*** and suppress the flow coupling, which will locally render nematic
LC as an elastomer that counteracts the adhesion forces through electrically induced splay and/or bend
deformations. Distortions of the nematic director also lead to the appearance of the so-called structural
forces.*** Being the consequence of the long-range orientational order and orientational elasticity of nematic
LC,* the structural forces can affect actuations of the nano-bridges within the entire range of physically
allowed displacements, and hence may even underpin the more gradual trend of the transmission change
observed during the reversible switching (Figure 3d). While stiction-free switching has been demonstrated
with 5CB, a standard and well-characterised in the literature nematic liquid crystal, a similar behaviour is
expected with other liquid crystals from the same class, such as, for example, E7 and TL205.

CONCLUSIONS

By infiltrating a NEMS-based re-configurable metasurface with a nematic liquid crystal we were able to
prevent permanent adhesion between movable parts of the nanostructure occurring in the course of its
mechanical switching. Apart from being a more straightforward and easy-to-implement alternative to the
existing anti-stiction solutions, our approach also introduces an active mechanism of stiction control, which
enables a fully reversible transition from stiction-free back to the usual (stiction-limited) regime of NEMS
operation. The mechanism exploits coupling between mechanical deformations of the nano-actuators and
elastic distortions of LC molecular structure arising in ordered LC phases. It is expected to greatly expand
the functionality of NEMS/MEMS devices, given high susceptibility of liquid crystals to a wide range of
external stimuli including heat, light, electric and magnetic fields.*’ In particular, controlled stiction could be
exploited in non-volatile memory or field-programmable gate arrays based on NEMS. Elasto-mechanical
coupling brings together intrinsic non-linearity of liquid crystals and dynamic tuneability of the re-
configurable metamaterials opening a route towards, for example, the realization of magneto-elastic
metamaterials®® at optical frequencies. Also, a broad spectrum of structural transitions exhibited by liquid
crystals at the nano-scale (which includes most notably positional and orientational ordering,” nematic
capillary condensation’™' and pre-smectic layering’>’) should enrich the switching behaviour of LC-
infiltrated electro-mechanical actuators and re-configurable meta-devices™ near LC clearing point, thus
making the latter a practical proposition for developing adaptive and ‘smart’ nano-systems.



METHODS

Sample fabrication: The design of a mechanically re-configurable metasurface was based on a double-
periodic array of electrically connected V-shaped plasmonic nano-resonators forming a continuous ‘zig-zag’
wire pattern (see Figure 1b). The metasurface was fabricated by milling, with a focused ion-beam, a 60 nm
thick gold film that had been sputtered beforehand on a 50 nm thick ultra low-stress silicon nitride membrane
(Norcada). The resulting gold wires had the width of approximately 160 nm and were separated by 100 nm
wide gaps. The unit cell of zig-zag pattern was rectangular with the size of 340 nm x 490 nm, which
rendered our planar metamaterial as non-diffracting in the visible and near-IR, at wavelengths larger than
0.5 pm. The milling also completely removed parts of the membrane in the gaps between the nano-wires,
thus yielding a gold zig-zag grid fully suspended on silicon nitride nano-bridges (Figure 1c). The zig-zag
sections of the metasurface also received 2 um long straight extensions at both ends, which helped to reduce
the stiffness of the metamaterial structure. The nano-wires were grouped into pairs with the odd and even
pairs being electrically disconnected from the opposite sections of the remaining gold film (Figure 1d),
which had been split to act as macroscopic DC voltage terminals (as illustrated in Figure 1a). The overall
size of the re-configurable metasurface was 13 um x 17 um.

Infiltration with liquid crystal: The metamaterial was infiltrated with a nematic liquid crystal 5CB
(Merck). Our choice was dictated merely by the convenience of working with SCB, which has the lowest
clearing temperature among widely available nematic liquid crystals (35°C), and relatively low viscosity and
weak optical anisotropy (1, = 1.520, n. = 1.681, ni, = 1.574 at A=1 pm).” 5CB was applied to the surface
of the sample using a drop-casting method (see illustration in Figure 1a). To facilitate optical measurements
the drop was squeezed by a glass cover slide yielding a thin, optically uniform LC layer. The glass slide was
coated with 20 nm thick film of unrubbed polyimide, which ensured both parallel alignment and weak
anchoring of LC molecules at its surface. The thickness of LC layer was set to 2 um by dielectric spacers
placed between the glass cover and gold film. To promote the infiltration we maintained the temperature of
the sample above the clearing point of SCB for about 10 mins.

Optical measurements: Optical response of the metamaterial sample was characterized in transmission at
normal incidence using linearly polarized light. The polarization was set parallel to the nano-wires of zig-zag
pattern. Transmission spectra were collected in the range 0.7 — 1.9 um with a spectral resolution of 0.1 pm
using a microscope connected to a spectrometer.
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