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Abstract:

The increasing requirements of hyperspectral imaging optics, electro/photo-chromic materials,
negative refractive index metamaterial optics, and miniaturized optical components from micro-
scale to quantum-scale optics have all contributed to new features and advancements in optics
technology. Development of multifunctional capable optics has pushed the boundaries of optics
into new fields that require new disciplines and materials to maximize the potential benefits. The
purpose of this study is to understand and show the fundamental materials and fabrication
technology for field-controlled spectrally active optics (referred to as smart optics) that are
essential for future industrial, scientific, military, and space applications, such as membrane optics,
light detection and ranging (LIDAR) filters, windows for sensors and probes, telescopes,
spectroscopes, cameras, light valves, light switches, and flat-panel displays. The proposed smart
optics are based on the Stark and Zeeman effects in materials tailored with quantum dot arrays and
thin films made from readily polarizable materials via ferroelectricity or ferromagnetism. Bound
excitonic states of organic crystals are also capable of optical adaptability, tunability, and
reconfigurability. To show the benefits of smart optics, this paper reviews spectral characteristics
of smart optical materials and device technology. Experiments testing the quantum-confined Stark
effect, arising from rare earth element doping effects in semiconductors, and applied electric field
effects on spectral and refractive index are discussed. Other bulk and dopant materials were also
discovered to have the same aspect of shifts in spectrum and refractive index. Other efforts focus
on materials for creating field-controlled spectrally smart active optics (FCSAO) on a selected
spectral range. Surface plasmon polariton transmission of light through apertures is also discussed,
along with potential applications. New breakthroughs in micro scale multiple zone plate optics as
a micro convex lens are reviewed, along with the newly discovered pseudo-focal point not
predicted with conventional optics modeling. Micron-sized solid state beam scanner chips for laser
waveguides are reviewed as well.
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1. Introduction

Conventional optics use wide bandgap materials for spectral stability and to prevent optical
deviation and aberration. On the other hand, a newly emerging concept, smart optical devices,
utilizes optical deviation and aberration in narrow bandgap optical materials. Modern LIDAR
technology is an example. The selective measurement capability of spectral lines captured by
LIDAR’s primary reflector permits high resolution of the spectral signature of an unidentified
emitter. Such smart optical devices require certain optical properties to be instantaneously and
flexibly controllable in response to programmed measurement scenarios not found in conventional
optics. In these devices, applied electric and magnetic fields, and thermal gradients, alter properties
such as propagation, reflection, refractive index, absorption, and transmission, either separately or
together. Precise tunability of optical properties offers new applications impossible with
conventional optics.

These smart optical materials (SOM) change properties based on one of the following
properties or effects: Electro- or magneto-absorption changes,[1,2] the Franz-Keldysh effect,[3]
the quantum-confined Stark effect,[4] the Zeeman effect,[5] the electrochromic effect,[6] the
Pockels effect,[7] the Kerr effect,[8] electro or magneto gyration,[9,10] the electron-refractive
effect.[11,12] When an electromagnetic (EM) wave propagates through a medium that has a
property of smart optical materials, the wave nature can be altered by an applied field. Such a
change may appear as spectral shift of the incident EM wave and/or as a shift in refractive index.

I-1. Concept of Smart Optics and Quantum Optics

Field-controlled spectrally smart active optics (FCSAO) are reconfigurable devices based on
thin-film or quantum dot structures. In an external applied field, quantum electronic (weaker effect)
and dipole moment (stronger effect) behavior can be adapted to applications such as changeable
spectral filters. Conventional optical filters are fundamentally limited to a broadly or narrowly
fixed band-pass filtering or flux intensity. For line spectrum or narrow bandwidth filters,
conventional optics require gratings to resolve the spectral band. The Fabry-Perot narrow
bandwidth filter is a multilayer device that filters via a cavity of particular thickness bounded by
two partial reflectors.[13] However, this concept is spectrally fixed, limiting its applicability to a
narrow range of conditions. Applications requiring high resolution at a wide range of wavelengths
necessitates multiple devices.

I-1-1. Quantum Electronic Constraint — Stark Effects

The Stark effect occurs when externally applied fields lift the degeneracy of the angular
momentum states.[14] As a quantum effect, the response time is low compared to other optical
effects. Thus, the Stark effect is a potentially effective means for selective spectral filtering. A
quantum confined Stark effect (QCSE) optical modulator element has one or more quantum
wells each bounded by asymmetric barriers. When an electric field is applied, the absorption
edge shifts proportionally to the field intensity. The goal is to use the Stark effect to produce
either the shift in refractive indices or shift in spectral responses of materials. As compared to the
intrinsic Stark effect due to the quantum transitions of bound or transitional electrons, the QCSE
causes a charge redistribution within wide bandgap materials according to the applied electric
field. This changes the absorption of incoming photons. According to the Kramers-Kronig



relations (KKR) for linear and non-linear optics,[15,16] the refractive index profile and the
chromatic dispersion are functions of frequency-dependent losses

n(w) =1+¢ [0 2L do’ (1)

Where a(w) is intensity absorption coefficient, w is the frequency (" is a dummy variable of
integration), and ¢ denotes the Cauchy principle value, which requires some manipulation when
such an integral is numerically calculated. The index of refraction is determined by the change in
the absorption coefficient in the media. Therefore, the applied electric field indirectly affects the
index of refraction. In a wide band-gap semiconductor, shallow dopant levels give mobile carriers
to the conduction band or valence band, while defect-induced deep levels can capture or emit the
mobile charges. Figure 1 shows the electro-refractive effect from the ionization of deep levels in
the Space-Charge-Region (SCR) made by an applied electric field. Deep levels have large
bounding energies inside the bandgap of the semiconductor. Without the electric field, the deepest
levels are in the neutral state. After the electric field is applied, the charges redistribute in the SCR.
Therefore, the deep levels in the anode side are positively charged and the deep levels in the
cathode side are negatively charged, while the ionization of deep levels produces new unoccupied
states for optical transitions. The change of refractive index is controlled by the density and
location of deep levels in this model. Additional Deep Level Transition Spectroscopy (DLTS)
measurements can identify these embedded deep levels.[17] The top of Figure 1 shows the deep
and shallow dopant levels in a wide bandgap material. Without the applied electric field, mobile
electrons are distributed uniformly in the media layer. Most of the deep levels are neutral in this
state. Parts (1) and (2) of Figure 1 show the effects of the electric field on charge distribution. With
a strong applied electric field, the electrons are re-distributed and the deep levels are ionized and
form new color centers, changing the absorption coefficient and the index of refraction. While the
Stark effect is effective in changing the absorption and re-emission, this requires several volts to
shift the Fermi level. Such a bias voltage requires a rather high amount of power, limiting this
effect in applications where power is at a premium.
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Figure 1. Description of Kramers-Kronig Relations for the re-distributed charges by an
applied electric field.

I-1-2. Quantum Electronic Constraint — Zeeman Effects

An external applied magnetic field produces the Zeeman effect, a level splitting of the coupled
angular momenta.[5,14] The total Hamiltonian (H) of an atom in an applied magnetic field that
has two components is:

H=H,+Vy (2)
where H,, is the unperturbed Hamiltonian of the atom and V), is the perturbation caused by the

applied magnetic field. The magnetic potential energy of the atom in the applied field is described
by

S0 I 37\ =
Vi) =427 (9.2 + 953) B 3)
where up is the Bohr magnetron, h the Planck constant, and g; and gg are the Lande g-factors
along with the angular momentum (Z) and spin-orbit momentum (§), respectively. The orbital

angular momentum vector (Z) coupled to the spin-orbit momentum vector (§ ), precesses around

the total angular momentum vector (f ) when the Zeeman energy is much less than spin-orbit
interaction energy. However, as the field strength increases, the angular and spin-orbit momenta

individually are decoupled and begin to precess around the field vector (§). In both cases, the
Zeeman effect lifts degeneracy causing level splittings resulting in spectral variations. The Zeeman
effect is more vivid for polyatomic molecules due largely to the asymmetrical nature of the
molecular structures and complex state levels. As such, the Zeeman effect shifts the radiative
transitions, emission, absorption, and transmission spectra, and is stronger and wider ranged than
the Stark effect. Hence, the impinging light on Zeeman-affected materials may be selectively gated



for the color (spectrally variable) rather than bleach (flux density control) by modulating the
externally applied fields. As with the Stark effect, the Zeeman effect requires a rather high power
input, with the added disadvantage of conversion losses in generating the magnetic field. In
applications with little space and weight to spare, this is a difficult shortcoming.

1-1-3. Electrochromism

Electrochromism is based on the ionic state changes that give rise to the colored or bleached
state from either anodic or cathodic charge. Figure 2 shows a typical arrangement of
electrochromic layers. Electrochromic materials, both organic and inorganic, have widespread
applications in light attenuation, displays and analysis. Previous efforts have resulted in a few
techniques such as thermo-, photo-, and electro-chromisms (TC, PC, and EC), but never fully
realized the potential for actual optical instrument applications.[18] The most notable
shortcomings of chromism are slow responsiveness (TC and EC), limited flux density control (TC,
PC, and EC) rather than spectral control, and selection-dependence of chromogenics that embrace
both organic and inorganic substances. The shortcomings of electrochromism originate from the
low ion mobility in the electrolyte. This is due to the ionic state varying with total injected or
ejected charges. Moreover, current electrochromic devices suffer from needing a rather large
number of layers, complicating manufacturing. Moreover, these often need organic molecules,
leading to outgassing problems and possible breakdown in vacuum and other extreme
environments.
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Figure 2: Electrochromism device concept. [19]

Figure 3 shows an example for the optical transmission spectra of PolyProDOT-Me2-coated
Al-nanoslit structures with respective values of slit period P with 240, 270, 300, 330, 360 and 390
nm, along with corresponding optical micrographs of device areas imaged in transmission. As
incident light is injected into the nanoslit array, an electrochemical redox reaction takes place in
the electrolyte. Ions move within the electrolyte, causing a color change in what light is transmitted
that is dependent upon the ion mobility and applied voltage. In order to study optical modulation
characteristics, a reflecting coating was not applied on the inner substrate. Optical modulation of
the device was then measured in terms of transmittance modulation. In the neutral (unoxidized)
OFF-state, the device appears black in color as shown in Figure 3d.[20] Under an applied voltage
and injected light, the reduction reaction occurs in the electrolyte, resulting in the ON-state in



Figure 3c. By reversing the polarity of applied voltage, PolyProDOT-Me2-coated Al-nanoslit
structures are oxidized and appears darkish black colored. In this state, the transmittance is reduced
over short wavelengths up to 460nm except for the increase in the wavelength range of
approximately 400-700nm, allowing for a strong modulation of the solar spectrum from 400 nm
to 700 nm.
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Figure 3. Transmission spectra of PolyProDOT-Me2-coated Al-nanoslit structures.
Color variation by applied voltage is clearly shown in (c). [20]

I-1-4. Organic Materials with Quantum Effects

Organic and inorganic II-VI and III-V semiconductors all show excitonic effects on optical
and electronic properties.[21] An exciton is a bound electron-and-hole pair that transports energy
through a solid. Bound excitons of an ordered organic crystalline structure (i.e. aluminum tris[8-
hydroxyquinoline] or Alq3) exhibit electroluminescence (EL) and photoluminescence (PL) upon
injection of electron-hole pairs.[22] As such, future work will harness organic crystals for FCSAO
development.

Figure 4 shows the concept of spectrally active smart optics. A quantum-dot array, a thin-film
of Zeeman or Stark material, or a thin-film organic crystal is grown on an optical window substrate
for smart active optical filtering. Quantum dot sizes are on the order of tens of nanometers. FCSAO
devices possess significant advantages in fast response times due to the quantum Stark and Zeeman
effects and in applied field suppression of thermal noise.
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Figure 4. (a) Zeeman or Stark effects and (b) lattice structure change effects on
photoemission.

I-2. Electro-Optics and Magneto-Optics

The electro-optic (EO) and magneto-optic (MO) materials generally alter optical properties by
certain measurable changes in quantum state under the influence of an electric or magnetic field.
The interaction between the applied field and the electronic states of materials results in the change
in optical properties of domain, such as birefringence under electric field and rotation of
polarization under magnetic field. Birefringence is an optically anisotropic phenomena, where the
refractive index of a material is determined by the polarization and propagation of light.[23] The
maximum difference between refractive indices in the EO material is readily measured and
quantified by the split refracted paths between parallel and perpendicular polarizations. In other
words, such a phenomenon of birefringence is observed as a double refraction whereby a beam of
incident light is split by polarization into two beams passing through with slightly different paths.
Non-cubic crystals such as calcite (CaCOs -trigonal), rutile (TiO2 -tetragonal), and perovskite
(CaTiOs3 -orthorhombic) show strong birefringent effects. Well-known device applications of
electro-optics include the Kerr cell, which uses a liquid whose birefringence has a square power
responsivity to an electric field. Another application is the Pockels cell, which uses a crystal with
a linear responsivity to an electric field. Some polymeric materials under mechanical stress exhibit
the Pockels effect due to the nonlinear optical chromophores in a polymer lattice.[24,25] Other
applications of birefringent materials are liquid crystal displays,[26] light modulators,[27] Lyot



filter,[28] second harmonic generators,[29] non-linear optics,[30] medical diagnostics,[31]
photoelasticity by stress-induced birefringence,[32] seismology,[33] and mineralogy.[34]

Gyrotropic or gyromagnetic materials are those whose polarization plane rotates with the
quasistatic magnetic field. The rotation of polarization plane is regarded as a Faraday rotator,
resulting in the Faraday effect when light transmits through the material. This is represented in Eq.
(4) as the change in the permittivity tensor of the material by either externally applied magnetic
field or ferromagnetic nature of material. When the gyration vector g = £,y ™ H (where y™ is
the magneto-optical susceptibility and H is the applied magnetic field) lies along the same
direction, Eq. (4) can be expressed as:

& +ig, O
€= <_igz ) 0) (4)
0 0 &3

In the above case the solutions are elliptically polarized electromagnetic waves with phase

velocities 1//u(e; £ g,) (where u is the magnetic permeability). This difference in phase
velocities leads to the Faraday effect. For the case of light propagating purely perpendicular to the

gyration vector, the properties are known as the Cotton-Mouton effect and used for a
circulator.[35,36]

I-3. Controllable Physical Optics

Development of controllable physical optics is essential to industry, military and consumer
products applications such as camera lenses, endoscopes, projectors, membrane optics, LIDAR
filters, windows for sensors or probes, telescopes, spectroscopes, light valves, light switches, and
flat-panel displays, etc. The tunable lens is one example of controllable physical optics without the
use of moving parts, as shown in Figure 5. It can change not only focal distance, but also reflective
index, optical angle and optical intensity by tuning or reconfiguring the lens material itself. Such
a lens has broad technological potential in miniaturization and new features such as multi-focus
and multi-view.
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Figure 5. Tunable lens concept. A lens can change its optical properties through
altering (a) its focal length, (b) the refractive index, and (c) the optical angle through shape
shifting.

Since the 1960s, various tunable lenses have been developed, including tunable liquid lenses,
tunable polymer lenses and tunable liquid crystal lenses. A tunable lens has to be able to deform
its shape or tune its optical properties while maintaining its optical transparency. The liquid lenses
use one or more fluids to create variable-focus without any moving parts by controlling curvature
or refractive index of liquid. However, the liquid lenses are slow in response and bulky. Tunable
polymer lenses use electro-active polymers (EAPs) that deform in the presence of electric field,
but also exist in several variations that combine liquid, optical materials and EAPs.

II. SMART OPTICAL MATERIALS
II-1. Ferroelectric Materials

Rare-earth (RE) elements have inverted electron-shell structures so that the optical transition
can occur in the inner shell instead of the outer shell. As a result, RE elements commonly have
very sharp optical lines and long life times, which are less affected by the neighboring atoms. Eu
is the most reactive RE element and easily forms Europium Oxide (Eu203) which is widely used
in phosphor materials with its strong red light (~620nm) emission due to the low threshold impact
ionization energy 2.1eV of 5D0 level. Samantaray et al. reported that doping levels as low as 0.1%
of Eu in BaTiOs can give a strong red photoluminescence signal at room temperature.[37]
Similarly, spectral characteristics of other RE doping elements in BaTiOs3, such as samarium (Sm)
and dysprosium (Dy) were studied to identify the bands of emission at 563 nm, 596 nm, 643 nm,
and 701 nm and excitation spectra at 406 nm.[38] Figure 6 shows a bandgap structure of europium
doped BaTiOs. The level transitions in inverted electron-shell of europium appear as clear line
emissions with optical sharpness.
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Figure 7 shows the capacitance-voltage (C-V) data of two different films of BaTiOs and
BaTiOs:Eu. The series capacitance measured in pure BaTiOs film in Figure 7(a) has three different
regions, which are a constant capacitance Ci, transition region, another constant capacitance Ca,

and break down. The difference in capacitance Ci and Cz are mainly due to the anisotropic stress
on the BaTiOs film.

The transition zone exists because of the change in the polarization. If the film is homogeneous
and isotropic between two identical electrodes, the capacitances Ci1 and Cz have to be the same
because they are symmetric. Therefore, the results here show that ITO/BaTiO3/n-Si layer structure
is close to the ideal ferroelectric capacitor except for the epitaxial stress. On the other hand, the
series capacitance measured in the BaTiOs:Eu film shows a uniform decrease in the capacitance
as the voltage on the n-Si wafer increases. Note the low Cs in Figure 7(b). A uniform decrease of
the capacitance is a typical behavior of the reverse biased diode. In the p-n junction of a diode, the
depletion width is controlled by the reverse bias voltage. Since the charge depletion width
determines the effective gap-distance of two conductive materials, p-semiconductor and n-
semiconductor of a diode that can be viewed as a capacitor in the reverse bias, the capacitance



decreases with the increasing reverse bias voltage. Therefore it can be estimated that Eu
incorporation generates more positive charge concentration in BaTiO3 such that the BaTiOs:Eu
layer on the n-Si substrate behaves like the p-n junction of a diode.

1I-2. Semimetallic Films

Alloys of amorphous GaN/ScN (Figure 8) and alloys of GaSiN were investigated with a
variable angle spectroscopic ellipsometer (VASE). Research was concentrated on ScxGaixN
systems. These exhibit band-gap engineering, as shown in Figure 9, which could lead to their use
as electronic materials, as compared with other work.[40] In particular, these ScxGaixN films are
promising for producing Fabry-Perot type filters with controllable properties. The index of
refraction N was found to vary with film composition as shown in Figure 10 while the extinction
coefficient Kk remained almost constant for the same range of wavelength (see Figure 11).
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The VASE machine was modified to apply a potential to the films during measurement. For
most films no effect was seen. One film of amorphous/microcrystalline ScN, however, shows a
slight decrease in index of refraction and extinction coefficient over the range 4-5 eV with
increasing applied voltage as shown in Figure 12 and Figure 13. The film was measured with zero,
1000, and 1500 volts applied to contacts on the film edge. With high applied voltages, the change
in index of refraction and the spectral shifts should appear much more distinctively than with these
low voltages. The data similarities between 1000V and 1500V indicated a saturation of the effect,
in contrast to the GaScN films discussed below. Although preliminary in that this effect was
observed in only one film, the result is promising in making an electrically-controlled smart active
optical device.

In a similar experiment, applying the same voltages to a thin-film of Sc-doped GaN (GaxSci-
xN, x=0.47) on a quartz substrate caused both the spectral and refractive index to shift to higher
photon energy as shown in Figure 14 and Figure 15. It is also anticipated that the effects of
magnetic field (Zeeman effects) on GaxScixN systems demonstrate both the changes in index of
refraction and spectral shifts, but do not saturate at 1000V as with the ScN films. In a recent batch
work, the co-sputtered Al and Er in nitrogen/argon atmosphere resulted in a AIN:ErN alloy film
with the concentration ratio of 80:20. As with the applied bias effect these results are preliminary;
however, this sample shows the strong evidence of possible field induced optical constant shifts.
It is noteworthy that narrow bandgap materials offer a wide spectral controllability, allowing fine
adjustment of optical information with minute field strength.
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Figure 13. ScN film shows the change in the extinction coefficient with the applied
electric field. The electric field was applied with a few mm gap.
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Figure 14. Spectral and refractive index shifts of thin film GaxScixN (x=0.47) on a
quartz substrate.
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I1-3. Wavelength Dependent Transmission Through Nano-apertures

When incident photons are coupled with the motion of surface plasmons (the quantized motion
of collective electrons on the metal surface), tiny apertures in metal layers show unusual electro-
optical effects and the extraordinary transmission of long wavelength photons. According to the
classical electro-magnetic theory, when tiny apertures have diameters smaller than Y4 of the
wavelength of electro-magnetic waves, they do not transmit the electromagnetic waves.
Nevertheless, Ebbessen et al. showed long—wavelength photons, even wavelengths up to 9 times
the aperture diameter, can transmit through the metallic aperture by the coupling with surface
plasmons.[41,42] Figure 16 demonstrates this concept. Impinging electromagnetic waves couple
with the surface electrons, causing a collective oscillation of electrons. These coupled movement
of electrons is known as a surface plasmon polariton (SPP). The SPP propogates not only on the
surface metal film, but also over the wall surface of hole as shown in Figure 16. In such a fashion,
the SPP carries photon energy through the hole and eventually releases its own carried energy by
the momentum change at the edge of hole exit. However, the SPP cannot carry the overall coupled
energy of photons due to the losses related to the coupling efficiency of surface plasmons and
jittered momentum changes on the exit edge. It is hard to quantify such losses by measurement but
the spectral (red) shift of transmitted wave indicate a lossy transmission. Since the SPP can be
easily disrupted by electric or magnetic field, it is also possible to modulate or orchestrate the SPP
for the desired spectral shift. Such functional control of SPP can be used for many applications,
for examples, the on-off switching, dimming, and spectral selection of optical light transmitted
through the array of holes, backlit flat-panel displays, optical diodes, variable gratings and filters,
surface plasmon resonance (SPR) spectroscopy, optical windows for sensors and probes, sub-
wavelength photolithography, Raman spectroscopy, and monochromators.
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Figure 16. Extraordinary Transmission of EM Waves through Nano-Aperture by
surface plasmon polariton (SPP).

Also, Ebbessen et al. reported that the extraordinary transmission can only occur in the ultra-
pure metal surface with plasmons.[41,42] Focused ion beam (FIB) lithography is an attractive tool
to create precise nano-scale holes, but has a size limit for array of holes. As an alternative, electron
beam lithography can write a large pattern array of nano-apertures, but lacks selective etching



capability. Holes with identical diameter and edge shape are necessary for a uniform response to
incident electromagnetic waves. Besides the size limit of FIB, nano-patterning by FIB has very
high aspect ratio of 1:10 or better and it supports in-situ monitoring with Secondary Electron
Microscopy (SEM) during the ion-beam etching process. The left picture of Figure 17 shows the
cross-section view of thin-film structure. Thin films of gold (Au) and electro-optical (EO) material
are built on sapphire substrate sequentially. The conductive film of indium-tin oxide (ITO) is
coated at the bottom of sapphire to feed a control signal to the EO layer and the SPPs on the gold
film surface. The right pictures of Figure 17 show the SEM images of fabricated nano/quantum-
apertures of various diameters from 60nm to 200nm.
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Figure 17. (Left schematic) Cross-section view of thin film, (Right pictures) SEM
images of fabricated nano-apertures with various diameters.

Arrays of 12x11 nano-apertures were also fabricated as shown in Figure 18. Each hole has a
100nm diameter and 400nm depth. Among 132 apertures, four holes were selected for enlargement
with double-writing of focused ion beam so that they have 150nm diameter and 800nm depth.
These 150nm apertures were for a comparison of the effect of aperture diameters.
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Figure 18. (Left) Transmission of green laser (532nm) through nano-apertures of
150nm and 100nm diameter, (Right) Transmission of red laser (630nm) is blocked in nano-
apertures of 100nm diameter.

Green (532nm) and red (630nm) lasers were used for the measurement of optical transmission
through nano-apertures. The left picture in Figure 18 shows a microscopic image of transmitted
green lasers through nano-apertures. Four bright spots indicate highly efficient transmission of
532nm photons through 150nm holes and the inset-picture shows attenuated transmission through
the 100nm holes. The right picture in Figure 18 shows the transmission of 630nm photons. The
four large 150nm holes allow a large transmission of photons but the 100nm holes do not have any
measurable transmission of red color light. Therefore, this test results show that a threshold of
optical transmission through nano/quantum apertures occurs when the diameter of aperture is
approximately A4. This proves the technique is effective in transmitting light through apertures
too small for conventional light transmission through a hole. However, the conversion of photons
to polaritons, transmission losses, and then reconversion of polaritons into photons involves many
efficiency penalties.

Nano-apertures will be used as the pixel defining array in the complete system to achieve
hyper-spectral sensing and imaging with the following micro-zone-plate (MZP) technology
because we can easily utilize the threshold diameter, M4, in order to control the light source.
Likewise, the transmission of light through quantum-apertures can be tailored for the variety of
applications. Applied voltage can affect the polariton transmission and diffraction behavior of the
apertures, allowing easy control of the subsequent light re-emission wavelength. This allows many
useful applications, such as the on-and-off switch of Figure 19 for optical diodes, dimming and
spectral selection of optical light transmitted through the array of holes (Figure 20), backlit flat-
panel displays, variable gratings and filters (and Figure 21), surface plasmon resonance (SPR)



spectroscopy, optical windows for sensors and probes, sub-wavelength photolithography, the
Raman spectroscopy, the monochromators, and near-field scanning microscopes.

Optical Guide

Gate Voltage

Figure 19. Field Injection Grating Light Valve (FIGLV) optical diode concept. Light
from a source is passed through an array of quantum-apertures, allowing only a particular
wavelength through to the drain. The substrate acts as the gate, where an applied voltage
disrupts polariton migration, changing the transmitted wavelength.

Device Area

Figure 20. Examples of color selection capability through quantum-apertures, where an
applied bias alters the diffraction behavior, resulting in color selectivity.
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Figure 21. (a) Quantum-aperture as a pixel controlled for spectral selection and
interference images. Top: transmission device concept. Bottom: reflection device concept.
(b) Selective wavelength focusing concept. The Vi, V3, ... Vs notation indicates the applied

bias on that aperture of the device.



Figure 21 describe the field-controlled device concept for focusing a specific wavelength on
any desired location. As such, this device is capable of differentiating between spectral signatures
from multiple sources. Each source is split into its spectral lines as the photons pass through the
apertures. This permits high resolution measurement of optical data. One possible application
exists in space optics. Many chemical or physical signatures are bundled together as they reach the
sensor plane. In order to identify each spectral signature, the data must be further resolved using a
complex monochromator. The device shown in Figure 21 is capable of directly resolving each
signature without the need for complex optical paths and a monochromator. Different electric
and/or magnetic field on each quantum hole device results in the different index of refraction for
(left) transmission and (right) reflection. Therefore, the exit photons have different phases,
depending on the applied electric and/or magnetic field.

I1-4. Micro Zone Plate Technology for Programmable Lens

and metal rings.[43,44]

The electro-optic micro-zone-plate (MZP) is shown in Figure 22.[43,44] The rings are made of Au
and the transparent region is made with electro-optic layers of BaTiO3 and LiNbO3. A conventional
zone-plate consists of concentric blackened-rings with non-linear pre-calculated diameters. Figure
23 shows the multiple calculated constructive and destructive focal points of the fabricated MZP
in Figure 22, including a previously undiscovered point PX caused by a phase-contrast mechanism
such that destructive interference ring surrounds and sharpens the constructive focal spot at center.
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Figure 23. Estimated focal points (P1~P5) of MZP and location of newly discovered
pseudo-focal point PX.
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Figure 24. (Left) Experimental configuration of imaging plane above MZP, (Right)
Acquired photon distribution on imaging plane at Z=0 (MZP itself) and Z=P1 (1st focal
point) from white light source (light bulb) and green laser (532nm).

The fabricated MZP is about 20pum in diameter and the longest focal distance is less than 50um.
This small size and short focal length has great promise in miniaturized system construction. Also,
the MZP above has additional electro-optic layers where refractive index varies with applied



electric field. These features add versatility and programmability to the MZP and makes it the
world’s smallest programmable micro-lens and micro-ring-grating.

The MZP performance was tested with a microscope as shown in the left picture of Figure 24.
The height (Z) of the imaging plane was changed to reveal the distribution of photons on the
imaging plane at each Z. The photon distribution on the imaging plane was recorded with CCD
detectors on the microscope. The right pictures in Figure 24 show photon distribution at different
Z heights, Z=0 on the MZP itself and Z=47um (1st focal point P1). The upper data is from a white-
light-source (common light bulb), and the lower data is from a monochromatic green laser (532nm).
The scale-bar at the center-bottom is 5 pm.

The sharpness of the P1 and PX central spots are shown in Figure 25. The data at P1 and PX were
obtained with 4ms and 6ms of CCD exposure time respectively so that the full width at half-
maximum (FWHM) values are comparable. FWHMs of the central focal spots were 620nm at P1
and 465nm at PX. It is surprising that large amounts of photons can be focused below its
wavelength (A=532nm). The reduction in focal spot diameter has many important applications. For
example, if a 1 milliwatt laser was focused on the focal spot at PX, its power density would be 10°
Watt/cm?, powerful enough to melt anything in this tiny point. Because there is a great importance
in the phase-contrast pseudo focal point PX, applications of PX have been dubbed “Photonic
DART” (Densely Accumulated Ray-point by micro-zone-plaTe) technology.[45] Moreover, the
MZP can work as a microconcave lens when the height of imaging plane is negative (Z<0). For
imaging planes below Z=0, the CCD image shows a virtual focal point P(-1) at Z = -47um,
indicating operation as a concave lens.

FOCAL POINT P1 FOCAL POINT PX (2 betrs st i

Photon Collection Time = 4ms Photon Collection Time = 6ms

FWHM=620nm FWHM=465nm

Photonic DART Technology
(Densely Accumulated Ray-point by 1

Figure 25. Comparison of sharpness of focused beams at Z=P1 (left) and Z=PX (right).



11-4-1. Applications of Programmable Micro-Lens

The programmable micro-lens based on the MZP configuration enables the construction of
tiny spectrometers using the principle of Fresnel diffraction.[46,47] Miniaturization of
spectrometers offers many interesting applications, such as a neural probes and soil assay probes
for on-site, real time analysis of Lunar or Martian soils.[47]

The device concept for micro-spectrometers is based on programmable micro-lens as shown
in Figure 26.[48] When an electric field is applied upon the MZP thin film structure, it generates
a circular gradient refractive index in the electro-optic layer and changes the focal distance. The
fabricated MZP shown in Figure 22 has the electro-optic and transparent electrode layers. In
photonic DART technology, phase-contrast sharpening of the focal spot has many applications.
An array of photonic DARTs can be used for maskless phase-contrast (PC) lithography with
MZP.[48] Conventional PC lithography requires fabrication of an expensive PC photomask for
each pattern, whereas MZP-based PC lithography avoids this problem. This technology uses X-Y
scanning of phase-contrast focal points (multiple PX points) which are made from an array of
MZPs. The full MZP lithography system can be constructed with or without electro-optic layers.
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Figure 26. Programmable Micro-Lens.[48]

I1-5. Solid State Beam Scanner Micro-chips

Solid state beam scanner micro-chips were developed in order to characterize the electro-optic
materials without the large errors and uncertainty of ellipsometry. Figure 27 shows the fabricated
micro-optical devices, a single beam scanner, the beam scanner array, and the beam displacer. The
size of each device is 2mm>2mmx0.5mm.
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Figure 27. Fabricated Solid-State Beam Scanner Micro-chips.

Light is injected into a waveguide from the side of the chip and electric field is applied to the
triangular and diagonal-bar shaped electrodes. Three different modes are shown in Figure 28.
When light encounters a media of different refractive index, the propagation direction changes
according to Snell’s law. Because a part of the electro-optic waveguide is under electric field and
other parts are free from electric field, an interface of two different refractive indices occurs and
the laser beam is bent. By measuring the bending angle of laser beam, the change of refractive
index by e-field is characterized absolutely. To test this, Eu-doped BaTiO3 thin-film was deposited
onto a substrate as an electro-optic wave-guide layer. Because BaTiO3:Eu was reported to show
room-temperature photo-luminescence and electro-luminescence, it is likely able to amplify the
passing laser of a specific wavelength by electric pumping.[37]
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Figure 28. Operating Modes of Various Solid-State Beam Scanner Micro-chips.



Figure 29 shows the wave-guide device under optical test. At each stage, the beam deflected
0.2° for an applied excitation voltage of +15V at frequencies from 1-10 Hz, but higher frequencies
up to a GHz are theoretically possible. In order to achieve a 30° deflection, about 150 stages are
required, well within standard microelectronic fabrication techniques. When the light enters a
media of different refractive index, a small portion of light is reflected backward. When the number
of stages is increased, the intensity of propagating light is attenuated rapidly due to the cumulative
small reflections. To mitigate this problem, the waveguide can be built out of an electrically
amplifying material and the final exit light amplified by electric pumping. BaTiO3:Eu described
above can serve this purpose.

Beam Scanner Micro-Chip

Figure 29. Performance test of solid-state beam-scanner micro-chip (Left) without
illumination, (Right) with green laser passing through.

II1. Tunable lenses
III-1. Tunable liquid lenses

Tunable-focus liquid lenses play an important role in modern miniaturized optical systems,
bio-inspired visions, optical communication systems, and consumer electronics. The liquid lens
varies its focal length by changing either the refractive index or the curvature of liquid droplet or
liquid-liquid interface without the need for mechanical actuators. These lenses are small in volume,
simple in structure, and consume much less power for control as compared to conventional solid
lens modules.[49] A liquid lens fabricated on a flexible substrate can be wrapped onto any
curvilinear surface, providing more advantages in expanded field of view and reconfiguration
capability. There are several methods used for adjusting the focal length of a liquid lens, including
thermal,[50,51] fluidic pressure,[52,53] electro-wetting,[54-56] electromagnetic wave and
dielectrophoretic (DEP),[49,57-59] and electrostatic effects.[60,61] Each method has its own
advantages, but some drawbacks exist for many of these approaches. Long response time and
thermal effect are usually associated with hydrogel actuators. Electro-wetting using conductive
liquids could cause undesirable Joule heating and microbubbles resulting from liquid electrolysis.
Liquid crystals could cause images to be blurred below its transition temperature. Acoustic wave
methods are ill-suited for maintaining a specific focal length. Fluidic pressure needs external
pressure sources for the focus-tuning. Compared to these methods, the DEP effect uses two non-
conductive liquids achieve small volume, fast response low power consumption, and avoids



electrolysis owing to the negligible current in the liquids. Using the DEP effect, conventional
dielectric liquid lenses (DLLs) have been built on a flat and rigid substrate, such as glass, silicon,
or polyethylene terephthalate.[57,58] Figure 30 (left side) shows a demonstration of a DLL formed
on a rigid substrate. The DLL consists of a low dielectric constant droplet and a high dielectric
constant sealing liquid. The two non-conductive liquids are sealed in a chamber under iso-density
conditions. Focal length of the DLL with an aperture of 3 mm can be changed from 34 mm to 12
mm as the input voltage increases from 0 to 200 V. Focal spot size is approximately 80 um, while
rise and fall times are 650 ms and 300 ms, respectively. During operation with 200 V at 1 kHz, the
lens consumes 1 mW of power. The longitudinal and transverse spherical aberrations are estimated
to be nearly invariant when the focal length exceeded 20 mm.

Recently, owing to improvements in metal film adhesion to polymer substrates, the DLL may
be fabricated on flexible and curved substrates. [49] Figure 30 (right side) shows demonstration of
a DLL made on a flexible polydimethylsilixane (PDMS) substrate. As a positive meniscus
converging lens, the DLL has the focal length variable from 14.2 to 6.3 mm in 1.3 seconds when
the driving voltage increases to 125 Vims. The resolving power of the DLL is 17.95 line pairs per
mm. [49]
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Figure 30. DLLs using rigid (Top-left) and flexible substrate (top-right) and widely-
variable focus that is possible in the optic system(bottom).[49,58,60]

Although these adaptive liquid lenses enable widely-variable focus in optical system, the lenses
commonly suffer from packaging problems, gravity effects, and substantial spherical aberration
that compromise the optical performance of the system. To resolve the packaging problem, a



polymer-encapsulated liquid tunable lens was developed by directly depositing parylene on liquid
droplets in vacuum.[61] The polymer coating contributes to preserving the shape of the delicate
spherical droplets, prevents the loss of liquid, and protects the droplets from ambient conditions.
The polymer is also extremely thin and flexible, it allows the droplets to deform. Electro-static
force changes the shape and thus the focal length, but this requires a thin metallic layer on the
polymer surface to generate the electro-static force, limiting optical transparency of the lens. To
suppress spherical aberration and simultaneously modulate both focal length and asphericity, a
novel adaptive liquid lens is introduced.[60] The liquid lens achieves superior optical performance
by varying both hydrostatic pressures and electric fields to control the interface between an
electrically conductive lens fluid and a non-conductive ambient fluid. Continuous variation from
spherical interfaces at zero electric field to hyperbolic ones with variable ellipticity for finite fields
allows lenses to take on positive, zero, and negative spherical aberration, while the focal length
can be tuned via the hydrostatic pressure. Some drawbacks to this approach include the delicate
nature of the lens; its thin polymer shell renders it vulnerable to damage from repeated cycling and
external force. Moreover, the liquid inside is unsuitable for vacuum, space, and other extreme
environments.

II1-2. Tunable polymer lenses

Electro-active polymer (EAP) is an emerging class of smart material. Tunable lenses made
with EAP are able to respond to mechanical, magnetic, optical, thermal, chemical, electrical or
electrochemical stimuli. As tunable polymers, they have enormous potential in the areas including
biomimetic robotics, medical robots, underwater robots, sensors, actuators, motors, generators,
and speakers. Various EAPs have been developed during last two decades: piezoelectric polymers,
ionic polymer metal composites (IPMC), carbon nanotubes, conducting polymers, shape alloy
polymers, electro-active gels and bio-based electro-active materials such as cellulose and
chitosan.[62—71]



Human eye

— Ciliary muscie
\{_ — ¥
\
ﬂ G " Crystalline
é?'q:r lens
S

Externa
actuator

m Electrode
| x — EaAR @

Delormable L ! = Y
lons % o Electrode A5
lens »

»a Actuation L3

Figure 31. Two designs of tunable polymer lens that mimic human eye: bio-inspired
tunable lens and all-solid-state tunable lens.

Researchers have attempted to mimic the function of human eye by using the EAPs. Figure 31
shows two distinctive designs of the EAP based tunable polymer lens. The human eye is composed
of crystalline lens and ciliary muscle. Similar to this configuration the first design uses stimuli-
induced operation of several actuators surround a deformable lens to modulate geometrical shape
of the lens, which is called “bio-inspired tunable lens.” EAPs are promising candidates to function
like ciliary muscles. However, in realizing the bio-inspired design, stability of lens material against
repetitive deformation and miniaturization of the surrounding actuators should be carefully
considered. Another design consideration is discoloration or loss of transparency from repeated
exposure to light, especially UV and higher energy light.

The second design uses the EAP to directly deform a lens structure or to be a morphing lens
itself in the presence of electric field, known as an all-solid-state tunable lens. However, in
realizing the all-solid-state design, the EAP coupled to its compliant electrode should possess high
optical transparency and produce large deformation with fast response under low voltage. To meet
these demanding requirements, several innovative designs for tunable polymer lens have been
proposed by utilizing combinations of liquids, EAPs, and novel structural designs.

I11-2-1. Bio-inspired tunable lenses

Variable-focus lens systems are one biomimetic copy of the human eye. Figure 32 shows a
prototype of the lens system which consists of a PDMS lens, winding-type SMA actuator, and load
arms. The PDMS lens is encircled and stretched by the load arms joined to an outer ring that is
rotated by the winding-type SMA actuator, thereby changing the focal length of the lens. In
contrast to other single tunable-focus lenses, the proposed system uses a gel-type PDMS lens,



which is insensitive to gravity and external vibration, and can be made into a biconvex or aspheric
shape. The radius of PDMS lens can be modulated from 6mm to 7mm by activating the SMA
actuator.
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Figure 32. A variable-focus lens system. (a) Top view, (b) inner structure (c) side
view.[72]

As another bio-inspired approach, an innovative digital camera mimicking arthropod eye has
recently been developed.[73] The arthropod-inspired cameras are designed to have hemispherical,
compound apposition layouts of arthropod eyes. Figure 33 shows the schematic illustration of the
cameras. Their surfaces are densely populated by imaging elements (artificial ommatidia), which
are comparable in number (180) to those of the eyes of fire ants (Solenopsisfugax) and bark beetles
(Hylastesnigrinus).The devices are constructed by combining elastomeric compound optical
elements with deformable arrays of thin silicon photodetectors into integrated sheets that can be
elastically transformed from the planar geometries in which they are fabricated to hemispherical
shapes for integration into apposition cameras. The imaging results and quantitative ray-tracing-
based simulations illustrate key features of operation. These general strategies seem to be
applicable to other compound eye devices, such as those inspired by moths and lace wings
(refracting superposition eyes), lobster and shrimp (reflecting superposition eyes), and house flies
(neural superposition eyes).

Figure 33a shows an array of elastomeric microlenses arrayed over interconnected silicon
photodiodes. When deformed, the lenses form an apposition compound eye camera. The key
parameters in this lens are as follows: the acceptance angle (DQ) for each ommatidium, the inter-
ommatidial angle (DW), the radius of curvature of the entire device (R) and of an individual
microlens (r), the height of a cylindrical supporting post (h), the thickness of the base membrane
(t), and the diameter of the active area of a photodiode (d). Figure 33b shows the optical
micrographs of four adjacent ommatidia, while Figure 33c shows the lens array after hemispherical
deformation. Figure 33d shows the camera system mounted on a printed circuit board. Finally,
Figure 33e is an exploded-view illustration of the system: perforated black silicone (black matrix),
the microlens array and photodiodes network, thin film contacts, and the black silicone substrate.
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Figure 33. Schematic of hemispherical, apposition compound eye. [73]

II1-2-2. All-Solid-State Tunable Lenses

A tunable lens made with all-solid-state materials has been given much attention as one of the
candidates overcoming technical difficulties in the liquid based tunable lens, such as packaging,
gravity effect, and large-size scalability. The all-solid-state tunable lenses have mainly developed
by using optically transparent polymeric materials that can be deformed in response to external
stimuli such as pressure or electric field. Figure 34 shows the schematic of a solid-state tunable
lens operating with a mechanical pressure. The tunable lens changes its geometrical shape as an
elastomeric membrane deforms in response to mechanical compression by a plunger over a
distance of AL, up to a maximum of 1.28 mm.[74] The pressure induced deformation allows its
focal length to be reversibly changed by a factor of 1.9. A novel fabrication process based on
individual lens components also allows for customization of lens power based on the desired



application. However, this setup is vulnerable to damage if too much force is used, permanently
deforming the polymer lens. Design compactness also suffers and shadowing effects from the
plunger limit the field of vision.
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Figure 34. Schematic of variable focal length in an all-solid state lens.[74]
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As another approach, all-solid-state tunable lenses operating with electric field were developed.
The tunable lenses change their focal length responding to self-deformable behavior of electro-
active polymers such as gels, nanocomposites and dielectric elastomers. A poly(vinyl chloride)
/dibutyl adipate (nPVC) gel based tunable micro-lens was developed.[75]

Figure 35 shows an illustrated operating principle and electrically-induced variable-focusing
performance of the electro-active gel based tunable micro-lens. The nPVC gel with a
hemispherical plano-convex shape is prepared by bulging the nPVC on an ITO glass as
pressurizing an annular PCB structure with a Copper (Cu) electrode toward the nPVC layer. When
a voltage is applied to the Cu electrode, electrically-induced creep deformation of the nPVC gel
changes its optical focal length. As the voltage increases from 300 V to 800 V, the focal length
increases from 3.8 mm to 14.3 mm. Due to its compact, transparent, and electroactive
characteristics, the nPVC gel lens can be easily inserted into small consumer electronic devices,
such as digital cameras, camcorders, cell phones, and other portable optical devices.
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Figure 35. Electro-active gel based tunable micro-lens.[75]

A novel electro-active bionanocomposite based tunable lens was developed.[76] The
bionanocomposite was composed of poly(diethylene glycol adipate) (PDEGA) and cellulose
nanocrystals (CNCs) extracted from cotton. Figure 36 shows a schematic of the bionanocomposite
based tunable lens and its focal length change in the presence of electric field The PDEGA/CNC
bionanocomposite possesses high optical transparency, biodegradability and thermal stability. The
shape and curvature of the soft PDEGA/CNC lens can be modulated according to voltage signal.
The shape reconfiguring performance of the lens is highly durable with low power consumption.
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Figure 36. PDEGA/CNC tunable lens deformation with applied voltage (left) and
measured focal length change.[76]
Due to the benefits from electrically-induced large deformation with rapid response and high
optical transparency, the dielectric elastomer has also been considered as an attractive material for



tunable lens. For tunable lens applications, a few approaches using deformation behavior of
dielectric elastomers were recently investigated.

A transparent dielectric elastomer actuator driven by few-layer-graphene (FLG) electrode was
one such approach.[77] On a silicon elastomer, electrodes were made of graphene, and the
transparent actuator was fabricated from developed FLG electrodes (Figure 37). The developed
FLG-driven actuator exhibited an optical transparency of over 57% at a wave number of 600 nm
and produced bending displacement performance ranging from 29 to 946 um as functions of
frequency and voltage. The focus variation was clearly demonstrated under actuation to study its
feasibility in variable-focus lens and various opto-electro-mechanical devices. However, its
transparency is low for optical application.

Figure 37. (Top) FLG-driven actuator and transmitted text (bottom) with voltage
“OFF” (left) and “ON” (right).[77]

Another approach is a thin film active-lens consisting of a dielectric elastomer (DE) membrane
actuator capable of dynamic vertical movement upon application of an electric field.[78] Figure
38 shows the images obtained from the lens (1 mm diameter) by applying different electric field
during dynamic operation at 1 Hz. Total length of the object with four letters is 300 um. The active-
lens is composed of a convex hemispherical poly dimethylsiloxane (PDMS) lens structure working
as an aperture and a DE membrane actuator, which is a combination of a thin DE layer made with
PDMS and a compliant electrode pattern using silver-nanowires. The active-lens is capable of
dynamically changing the focal point of the soft aperture as high as 18.4% through its translational
movement in the vertical direction responding to electrically induced bulged-up deformation of
the DE membrane actuator. The responses are fast, fairly reversible, highly durable during
continuous cyclic operations, and large enough to impart dynamic focus tunability for optical zoom
in microscopic imaging devices with a light-weight and ultra-slim configuration.
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Figure 38. Diagram of tunable lens deformation with DE membrane actuator.[78]

However, for dielectric elastomer based tunable lens, a compliant electrode to operate the
dielectric elastomer should be optically transparent and highly resistive against repetitive large
deformation. Although existing stretchable, transparent conductors such as graphene, carbon
nanotubes (CNTs) and metallic nanowires show fairly reliable performance, these deteriorate
optical transparency of the dielectric elastomer and cannot fully ensure robustness during repetitive
large deformation. As an alternative, an ionic conductor that is highly stretchable, fully transparent
to light of all colors, and capable of operation at frequencies beyond 10 kHz and voltages above
10 kV shows its promising performance as a complaint electrode for VHB 4910 acrylic elastomer
actuator.[79] The ionic conductor is a 100 um thick polyacrylamide hydrogel containing NaCl as
the electrolyte and also transparent to all colors. Figure 39 shows the actuator and its strain
performance with actuation voltage and frequency. The actuator is designed as a dielectric
elastomer between two layers of electrolytic elastomer (Figure 39a), which contracts upon an
applied bias to the electrolyte layers (Figure 39b), but maintains transparency through this process



(Figure 39c-d). Area strain vs. applied voltage (Figure 39¢) and vs. frequency (Figure 39f) show
large, repeatable, high speed deformations are possible with this device.
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Figure 39. Transparent hydrogel actuator device. (a) Device diagram shows setup and

(c) transmitted image without applied voltage and (b) contraction from applying bias and

(d) subsequent transmission change. Area strain vs. (e) applied voltage and (f) frequency.
[79]

The scope of hydrogel applications can be enlarged from a highly transparent electrode to an
electrically induced self-deformable material for tunable lens although the hydrogels have been
widely used as scaffolds for tissue engineering, vehicles for drug delivery, and model extracellular
matrices for biological studies. The scope of hydrogel applications, however, is often severely
limited by their mechanical behavior. Most hydrogels do not exhibit high stretchability; for
example, an alginate hydrogel ruptures when stretched to about 1.2 times its original length. Some
synthetic elastic hydrogels have achieved stretches in the range 10-20, but these values are
markedly reduced in samples containing notches. Most hydrogels are brittle, with fracture energies



of about 10J/m?, as compared with 1,000]/m? for cartilage and 10,000]/m*for natural rubbers.
Intense efforts are devoted to synthesizing hydrogels with improved mechanical properties; certain
synthetic gels have reached fracture energies of 100-1,000J/m?. Electro-active hydrogels from
polymers forming ionically and covalently crosslinked networks were reported.[80] Although such
gels contain 90% water, they can be stretched beyond 20 times their initial length, and have fracture
energies of 9,000]/m?. Even for samples containing notches, a stretch of 17 times is demonstrated.
We attribute the gels’ toughness to the synergy of two mechanisms: crack bridging by the network
of covalent crosslinks, and hysteresis by unzipping the network of ionic crosslinks. Furthermore,
the network of covalent crosslinks preserves the memory of the initial state, so that much of the
large deformation is removed on unloading. The unzipped ionic crosslinks cause internal damage,
which heals by re-zipping. These gels may serve as model systems to explore mechanisms of
deformation and energy dissipation, and expand the scope of hydrogel applications.

I11-2-3. Hybrid Tunable Lens

All-solid-state tunable EAP lens is an ideal and compact tunable lens. However, in order to
provide clear images of an arbitrary object located at different distance, the EAP still needs to be
highly transparent and to be able to produce large deformation with low actuation voltage and fast
response. To resolve this challenge, a novel design was attempted by combining optical
transparency of liquids and active behavior of EAPs. A tunable lens inspired by the architecture of
human eye was developed as a form of a fluid-filled elastomeric lens integrated with an annular
EAP actuator working as an artificial muscle.[81] Figure 31 shows the morphological comparison
between the human eye and the developed tunable lens. Upon electrical activation, the artificial
muscle deforms the lens, so that a relative variation of focal length comparable to that of the human
lens is demonstrated. The tunable lens provides optical performance with the benefits from
compact size, low weight, fast and silent operation, shock tolerance, no overheating, low power
consumption, and possibility of implementation with inexpensive and readily available elastomers.



Results show that combing bioinspired design with the unique properties of dielectric elastomers
as artificial muscle transducers has the potential to open new perspectives on tunable optics.
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Figure 40. Human eye (left) vs. bioinspired eye (right). [81]

Dielectric elastomer actuators (DEA) are lightweight and flexible smart materials integrating
actuation, sensing, and structural functions. To improve the simplicity and compact nature of
tunable lenses, an elastomer-liquid lens system was developed, which makes use of an inline,
transparent EAP actuator.[82,83] The lens requires only a minimal number of components: a frame,
a passive membrane, a dielectric elastomer actuator membrane, and a clear liquid. Figure 41 shows
a DEA-driven tunable lens, the world’s fastest capable of holding a stable focal length, was
developed.[82] By using low-loss silicone elastomers rather than acrylics (Figure 41a), a settling
time shorter than 175 ps is obtained for a 20 % change in focal length. The silicone-based lenses
show a bandwidth 3 orders of magnitude higher compared to lenses of the same geometry
fabricated from the acrylic elastomer. Stretchable electrodes, a carbon black and silicone
composite, are precisely patterned by pad-printing and subsequently cross-linked (Figure 41b),
enabling strong adhesion to the elastomer and excellent resistance to abrasion. The lenses operate
for over 400 million cycles without degradation, and show no change after more than two years of
storage. The lens even shows extreme resilience when stretched over a needle point (Figure 41c¢).
This lens demonstrates the unmatched combination of strain, speed, and stability that DEAs can
achieve, paving the way for complex and fast soft machines.
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Figure 41. DEA lens concept.
II1-2-4. Acoustically Tunable Optical Arrays

Figure 42 shows an optical lens array operating with acoustic pressure. The optical lens array
whose focal length and lens pitch can be varied by acoustic radiation force was investigated.[84]
It has no mechanical moving parts and a simple structure that consists of a glass plate, four
ultrasound transducers, and a viscoelastic silicone gel film. A lens array can be formed by
generating acoustic radiation force through flexural vibrations of the glass plate. Its focal length
can be controlled by varying the voltage applied to the transducers and the lens pitch can be altered
by changing the driving frequency. The lens profile is determined by the balance between the
acoustic radiation force, the surface tension, and the elastic restoring force of the gel. Since the
lattice modes of the glass plate have higher resonance frequencies at shorter wavelengths obtained
at frequencies over 200 kHz, this technique can be used in microlens arrays in MEMS. However,
using sound waves to tune this lens array forbids tuning individual lenses to specific wavelengths,
and the setup is vulnerable to inadvertent noise cancellation and detuning from environmental
noise.
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Figure 42. Acoustically tunable silicone gel optical array at (a) 90 and (b) 170 kHz.[84]

III-3. Tunable Mirrors and Filters

Traditionally, telescope mirrors have taken the form of thick metal or glass disks for rigidity
and precise shape. As advances in astronomy demanded larger and larger telescopes, the mirrors
became thicker and ever more massive, but this trend was unsustainable. In the 1990s, developers
adopted active optics for large telescopes, and the current generation uses thin, flexible mirrors
that maintain their shape by a system of external actuators that push and pull on the surface.
Tunable mirrors based on smart materials were developed (left side in Figure 43).[85] Imaging-
quality optical mirrors have been developed by using carbon nanotubes embedded in an epoxy
matrix (CNT/E). The development is notable in two ways. First, CNT/E is a known smart material
capable of self-sensing and actuation, therefore opening a new path to development of light weight
and ultra-compact space telescope optics and structures. Second, the starting material is a liquid,
which lends itself to the fabrication of large mirrors (either segmented or monolithic) with novel
support structures made possible by modern techniques such as 3D printing. A new class of
lightweight mirrors with integrated supported structures, made possible by the combination of
CNT/E technology, topology optimization, and 3D printing (right side in Figure 43).[86]

(a) (b}

Figure 43. (a) Image of 5 cm mirror made with CNT/E,[83] and (b) a lightweight
CNT/E mirror concept.[86]

In reverse design of lens, an electrostatic deformable mirror (EDM) was invented.[87] Figure
44 shows the configuration of the EDM operating under a voltage applied between an active mirror
and a basement. The EDM is composed of a metal coated elastomeric membrane (active mirror)
and a polymeric basement with electrode (ground). When an electrical voltage is applied across



the components, the active mirror deforms toward the stationary basement responding to
electrostatic attraction force in an air gap. Since the differentiated gap distance can induce change
in electrostatic force distribution between the active mirror and the basement, the EDMs are
capable of controlling deformed geometry of the active mirror with different basement structures
(concave, flat, and protrusive). Even under dynamic operations, the EDM shows fairly consistent
and large deformation enough to change focal length in a wide frequency range of 1 to 175 Hz.
The geometric modulation of the active mirror with dynamic focus tunability can allow the EDM
to be an active mirror lens for optical zoom devices as well as an optical component controlling
field of view.

Positive electrode Elastomeric
(Active mirror) membrane

Basement Boundary
pillar

Grou
electrode ( a)

Figure 44. An electrostatic deformable mirror.[87]

Hydraulically-tunable hyperchromatic lenses for two-dimensional spectrally-resolved spectral
imaging was developed.[88] These hyperchromatic lenses, which are composed of a positive
diffractive lens and a tunable concave lens, are designed to have a large longitudinal chromatic
dispersion and thus axially separate the images of different wavelengths from each other. Two-
dimensional objects of different wavelengths can consequently be imaged using the tunability of
the lens system. Figure 45 shows two hyperchromatic lens concepts. The hyperchromatic lenses
demonstrated their spectral characteristics as well as their functionality in spectral imaging
applications. As with the tunable liquid lens, this design cannot function in vacuum or space due
to outgassing problems.
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Figure 45. (a) Hyperchromatic lens designs and (b) chromatic confocal measurement
results for both designs.[88]

A tunable micro Fresnel lens was made by a polydimethylsiloxane/carbon nanotubes
(PDMS/CNTs) configuration that can change its focal length by simply stretching the substrate.[89]
The Fresnel lens is formed by embedding vertically aligned CNTs bundles in a 2 mm thick PDMS
layer (Figure 46). It utilizes the transparency and flexibility of the PDMS and the excellent optical
absorption properties of CNTs. The lens was fabricated using a straightforward process, which
requires only one lithography step. Preliminary results show that this Fresnel lens has good optical
properties, and can change its focal length through simply stretching the polymer substrate.



Figure 46. (a) The fabricated device of 3x4 array of lenses. (b) Plan and (c) cross-
sectional SEM images of the Fresnel lens pattern.[89]

IV. Concluding Remarks

Several areas of the emerging smart optics field show many advantages over conventional
optics. Various ways of changing optical behavior include refractive index modification with the
Stark and Zeeman shift effects, or through tunable lenses that change shape under applied electric
field. All permit one lens to do the work of many lenses, enabling many new applications and
consolidating several lenses into one compact device for current applications.

Several quantum mechanical methods were discussed for modifying optical properties. The
Stark effect causes a refractive index shift under an externally applied electric field according to
the Kramers-Kronig relationship, while the Zeeman effect is the same concept but with an external
magnetic field. Electrochromic effects involve a shift in ion distribution to produce a selective
filtration of light wavelengths depending on applied bias. Birefringence effects also factor into
smart optical materials, and are observed in non-cubic crystalline solids, polymers, and liquids.
The splitting of incoming light into two polarizations and the responsivity of these materials to
applied electric fields or mechanical stress makes for tunable optical properties and polarization.
Gyrotropicity is an analogous phenomenon, using applied magnetic fields to control the
polarization within a material.

Physical and mechanically responsive optics can be used to make smart optical devices and
tunable lenses capable of changing several properties, including focal distance and position,
reflective and refractive indices, and optical angle and intensity. Ferroelectric materials such as
BaTiOs change shape from atomic rearrangement within its crystal lattice. Dopants of Eu, Sm, or
Dy give BaTiOs3 a strong response to certain wavelengths. Amorphous films of GaScN produce an
interesting shift of refractive index and extinction coefficient to higher photon energies at applied
voltages of 4-5V. Much work remains to be done in this promising area of optical manipulation.

Surface plasmon polariton optics occur only in metals, transmitting light through nanometer-
sized holes as incident light is converted into surface plasmons, which migrate through the holes,
then emit light on the other side. A hole diameter above A/4 transmits a given wavelength A, while



holes smaller than this threshold do not. This permits fine control over the optical properties of a
fabricated array of holes. Arrays of holes, combined with an electrode for applying gate voltage,
can be made into a wavelength-selective device that focuses each wavelength to a different point,
and can resolve spectra without the aid of a monochromator.

Micro zone plate (MZP) rings consist of concentric etched rings of decreasing thickness with
increasing diameter to exploit the Fresnel diffraction effect. A transparent MZP will produce
different focal spots, depending on the distance from the incident light source, and when produced
atop an electro-optic layer, a solid state tunable lens becomes possible, suitable for compact
spectrometers. Other microfabrication applications to smart optics appear in beam scanner micro-
chips. These force light through successive transmissions, resulting in an overall change in the
incident light path after passing through the device, enabling beam deflection and redirection
without mirrors.

Tunable lenses come in different forms. Dielectric liquid lenses use a pair of liquids, one with
a low dielectric constant and the other with a high constant. When an electric field is applied, these
droplets change shape and focal distance even on curved substrates. Other approaches include
electro-active polymers (EAPs) used to mimic the human eye in a tunable polymer-based lens,
deformable elastomeric microlenses that mimic anthropod eyes. All-solid-state lenses come in
many types, including transparent polymer membranes around a polymer gel, bionanocomposite
solid state lenses that operate under low power consumption in a responsive, biodegradable
package, few-layer-graphene (FLG) electrodes on transparent elastomers, and dielectric elastomer
hydrogels with very high fracture energies capable of repeated and large deformation. All of these
methods respond to applied electric fields to change shape and thus focal points and distances.
Hybrids of these tunable lenses were tested, where the EAP acted as the actuators to a liquid lens.
As an alternative to electrically modulated lenses, silicone gel with an array of holes deforms under
different frequencies of acoustical waves.

Such tunability can be applied to mirrors to reflect light rather than transmit. Carbon nanotubes
in epoxy (CNT/E) are self-actuating and easy fabricated into large mirrors for more demanding
space applications. Electrostatic deformable mirrors (EDMs) consist of two electrodes separated
by a gap. The upper electrode is reflective and changes shape in response to applied bias on the
lower electrode, changing curvature and focal properties. Hydraulic-based hyperchromatic lenses
consist of fluid on a quartz substrate encased in a tunable, flexible polymer membrane, and can
separate out different wavelengths from a common source. Finally, easily-fabricated MZP rings
made from PDMS and carbon nanotubes can be applied to a polymer substrate, which changes
focal length when stretching the substrate.
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