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A reprogrammable multifunctional chalcogenide guided-wave
lens

We illustrate a reconfigurable multi-mode guided-wave lens,
composed by a Rinehart shaped curved waveguide with an
effective refractive index gradient profile through partially
crystallizing Ge,Sb,Te,. Upon changing the bias time of the
external voltage, the refractive index gradient profile can be
tuned with a transformative platform for various functions. The
electrically reprogrammable lens can dynamically acquire various
functionalities with an ultrafast response time. Our method
provides a universal method to obtain ultrafast and highly versatile
guided-wave manipulation, such as Einstein rings, cloaking,
Maxwell fish-eye lenses and Luneburg lenses.
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The transformation optics (TO) technique, which establishes an equivalence between a curved space and
a spatial distribution of inhomogeneous constitutive parameters, has enabled an extraordinary paradigm
for manipulating wave propagation. However, extreme constitutive parameters, as well as a static nature,
inherently limit the simultaneous achievement of broadband performance, ultrafast reconfigurability and
versatile reprogrammable functions. Here, we integrate the TO technique with an active phase-change
chalcogenide to achieve a reconfigurable multi-mode guided-wave lens. The lens is made of a Rinehart-
shaped curved waveguide with an effective refractive index gradient profile through partially crystallizing
Ge,Sb,Tes. Upon changing the bias time of the external voltage imparted to the Ge,Sb,Tes segments, the
refractive index gradient profile can be tuned with a transformative platform for various functions for
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visible light. The electrically reprogrammable multi-mode guided-wave lens is capable of dynamically
acquiring various functionalities with an ultrafast response time. Our findings may offer a significant step
forward by providing a universal method to obtain ultrafast and highly versatile guided-wave manipulation,
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1. Introduction

Modern trends in the development of photonics technology
have boosted the requirement for multifunctional optical
devices."” Particularly, the active control of 2D planar meta-
materials, so-called metasurfaces, has been intensively investi-
gated.>" It is achieved by incorporating tunable or reconfigur-
able resonators that are steered via a gate voltage bias,™®
thermal heating” or mechanical actuation®® into the metasur-
face design. This has led to interesting applications like recon-
figurable antennae,’® tunable absorbers,""® beam modu-
lators'* and chirality controllers.">'® Notably, recent works
have demonstrated emerging developments in transformation
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such as in Einstein rings, cloaking, Maxwell fish-eye lenses and Luneburg lenses.

optics (TO)" such as cloaking,'®"® lens focusing®®*' and light
concentration and manipulation.>*>* Nevertheless all the pro-
posed TO devices are static thus far, and most of them can
only perform a single function. Although switchable TO
devices capable of demonstrating multiple functionalities in
real time are significantly more favorable for practical appli-
cations, their realization remains a great challenge, especially
in the visible range, due to the complexity of controlling the
material properties through external stimuli in an integrated
way and the scarceness of active materials with strong index
modulation in the visible region. Herein, we propose a novel
approach to design switchable multi-functional TO devices to
control guided-wave propagation dynamically. The key to our
approach is to map a gradient index lens onto a rotationally
symmetric Rinehart-shaped surface consisting of multilayered
phase-change chalcogenide (i.e. Ge,Sb,Tes) segments. The pro-
posed device features broadband operation, ultrafast reconfi-
gurability and a combination of various reprogrammable func-
tions in a single thin nonplanar TO structure in the visible
region.

Ge,Sb,Tes, a classical chalcogenide glass, has been widely
investigated in rewritable optical data storage and non-volatile
electronic memory as it has an ultrafast switching time
(<500 ps), a considerable number of rewriting cycles (>10°
times) before failure and excellent thermal stability.>*>°
Remarkably, recent works have experimentally demonstrated
that very large variations in the refractive index of Ge,Sb,Te;
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can be obtained in the visible-infrared region as its phase tran-
sitions between amorphous and crystalline.>” In particular, it
has been shown that Ge,Sb,Tes based metasurfaces are prom-
ising for reversibly tunable photonic devices.”**° In light of
this feature, Ge,Sb,Tes was chosen for the design of recon-
figurable and reprogrammable 3D TO devices in the visible
region. In particular, we demonstrate four singular functions
of an Einstein ring,*! invisible cloaking,** a Luneburg lens,*
and a Maxwell fish-eye lens®* in one curved surface.

2. Results and discussion

Fig. 1(a) shows a version of the Einstein ring: a renowned
phenomenon tracing back to 1936 predicted by general relativ-
ity (GR) and explored in astronomy.**?® According to GR,
gravity causes a deflection of light due to the gravitational field
of a massive body (e.g. galaxy or star). In this case, the galaxy
bends the light emanating from a point source, such as
another galaxy or star, which is directly behind it, focusing the
otherwise divergent light into a visible ring. That is, curved
space caused by the massive galaxy/star results in a gravita-
tional lens, which can gravitationally collimate the diffracting
optical beam. This gravitational lensing effect occurs as soon
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as the light emanating from distant objects is curved or
deviated around the massive body. This results in a phenom-
enon possessing a significant likeness to what happens once
light goes through a lens. The Einstein ring is the most
straightforward and symmetrical effect of the gravitational
lens, which can be generated by perfectly aligning the source,
gravitational lens and observer. It corresponds to the case
where the observer detects the light diverged by the gravita-
tional lens as if it were a ring or circumference.

In TO, the dielectric constant can be spatially engineered to
control the propagation of the wave in the same way as the cur-
vature of space does. Thus, Einstein ring behavior can be
mimicked using a graded index lens on a curved surface,
which enables the formation of a narrow beam that propagates
in a nearly non-diffracting manner over a substantial distance.
We show that an existing flat lens can be mapped onto a rota-
tionally symmetric curved surface by varying the refractive
index distribution. These two geometries are presented in
Fig. 1(b). The first geometry is a planar space with a radius (7)
dependent rotationally symmetric refractive index profile (r(r)).
The second is an arbitrary rotationally symmetric curved
surface (C) with a p dependent rotationally symmetric refrac-
tive index profile (N(p)), where p is the perpendicular distance
from the z-axis to C. We used a standard polar coordinate for

7 §=arc length along C
C = generating curve

Fig. 1 (a) Picture of an Einstein ring: a beam from a point source is collimated by a gravitational lens, and then observed as a virtual ring around a

mass body. (b) Illustration of the paths of a beam (marked in red lines) that are equated for the flat plane (left column) and a rotationally symmetric
Rinehart-shaped curved surface (right column). Simulations of the light propagation on the Rinehart-shaped surface, where the incident wave is a
point source propagating from left to right. (c) The surface filled with gradient refractive index dielectric that can generate a narrow collimated total

E-field E =/ \EX\ZHE},\ZHEZ\Z (left column) and E-field along the z-axis E;, (right column) at 2 = 500 nm, where the inhomogeneous area acts as a

gravitational lens on the light. (d) The light propagation in the Rinehart-shaped surface filled with homogeneous crystalline Ge,Sb,Tes for beam
intensity E (left column) and E, (right column) at 1 = 500 nm. The insets show the curvature with the refractive index distribution of the dielectric
(N(p)) filling the structure.
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the planar space and a cylindrical coordinate for the curved
surface.

To derive the refractive index profile of the curvature (N(p)),
we slightly modified the approach reported in ref. 18 by equat-
ing the radial light path in the flat homogeneous surface
L (left column of Fig. 1(b)) with the radial light path in the
rotationally symmetric curved surface C (right column of
Fig. 1(b)),*’

N(p) = n[F(p)|F(p)/p (1)
where F(p):expr [s'(p)/pldp and the arc distance

. 1 1. .
measured along C is denoted s = 5p+551n L p. A detailed

derivation of eqn (1) is shown in the ESI.T The phenomenon of
an Einstein ring that can produce a narrow collimated beam is
demonstrated using a Rinehart-shaped surface composed of
dielectric materials with a gradient refractive index profile. The
Rinehart-shaped curvature is placed above a ground planar
slab. Based on eqn (1), the refractive index profile of the
Einstein ring can be expressed as

Np) = 2 (2)

(1+ ﬂf(e(lmﬁ 4 el )

where ny, is the refractive index of the ground plane. The refrac-
tive indices for different structural states of Ge,Sb,Tes attained
from the experimental data®” are summarized in the ESI
(Fig. S17), and can be used for the refractive index profile.

Fig. 1(c) illustrates a guided wave that propagates on the
Reinhart-shaped curvature filled by the Ge,Sb,Tes dielectric.
Here, we set the operating wavelength at 4 = 500 nm. N(p) of
Ge,Sb,Tes dielectric was obtained from eqn (2) and the
bottom plate was the amorphous Ge,Sb,Te; dielectric (n, = 3).
The shell thickness of the curvature was 5 nm (T = 5 nm). It
was confirmed that the gradient distribution of N(p) (the inset
of Fig. 1(c)) can focus the diverging light propagating through
the Reinhart-shaped curvature into a linear non-diffracting
fashion. As a control study, we present the performance of the
structure filled with homogeneous crystalline Ge,Sb,Tes
(N(p) = 2.1) in Fig. 1(d). It shows that the curved surface can
now strongly diverge the incident light fronts and thus switch
off the function of beam collimation. The structure was simu-
lated using the commercial software COMSOL with details
shown in the ESIL.T It was shown that the Ge,Sb,Te; dielectric
was optically lossy over the visible region, owing to the high
imaginary part of the refractive index (k,) of Ge,Sb,Tes.*®
However in this model, the ultrathin thickness (5 nm) of the
Ge,Sb,Te; curvature may lead to negligibly small light absorp-
tance according to the Beer-Lambert law.>® Therefore, herein
we did not take into account the k;, of Ge,Sb,Tes.

For consideration of the practical experimental realization
of the device, the graded refractive index distribution was dis-
cretized by dividing the curvature into v (v = 9) layers along
the z-axis. The simulations on different numbers of segments
are summarized in the ESI (Section 4}), and it was confirmed

=
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that v = 9 is sufficient to achieve the proposed functionalities.
Every curved layer has an equal arc length and is filled with
Ge,Sb,Tes of different partial crystallization ratios accord-
ingly. The total height of the discretized Rinehart-shaped
curved surface along the z-axis was 630 nm. The height of
each Ge,Sb,Tes constitutive segment was 65 nm along the
z-axis. The radius of the bottom of the Rinehart-shaped
curved surface was 1000 nm. Fig. 2(a) shows a schematic view
of the discretized Rinehart-shaped surface. The crystallization
phase of each Ge,Sb,Te; segment is thermally controlled by a
current through the bias voltage (Vi) between Vi = 1V
and melt-quenched amorphization at Vi, = 3 V on nano-
second (ns) timescales. The bias time (fpi5) Of the Vi, can
be controlled through an electrical switch. Nine layers of SiO,
were introduced to separate the Ge,Sb,Tes slabs to prevent
heat transfer between them. Nine individual ITO line cell
electrodes were deposited onto the inside surface of each
Ge,Sb,Tes segment. As the electric current goes through the
ITO filament, the Joule heat causes the chalcogenide to
change its structural state. Namely, it enables the electric
current to heat up the Ge,Sb,Tes segments independently
thus precisely controlling the crystallization ratio for each
Ge,Sb,Tes segment.

Fig. 2(b) shows that such a discretization process performed
on the continuous refractive index distribution can provide a
simple layered structure to approximate the gradient refractive
index distribution in eqn (2). This multilayered curvature can
conformally cover the bump, in which the total electric surface

field E =/ \Ex|2+}Ey|2+|EZ|2 incident from the left is recon-

structed to the right so as to converge the beam into a fine
line, as shown in Fig. 2(c). The magnitude of the electric field
along the z-axis (E.) is presented in Fig. 2(d).

To show the multifunctionality of the structure, we present
three more examples of TO phenomena (i.e. invisible cloaking,
the Luneburg lens, and the Maxwell fish-eye lens) which can
be realized with the same device by gradually tailoring the
refractive index of Ge,Sb,Tes via Vpias. These unique TO fea-
tures can all map onto the Rinehart-shaped surface (Fig. 2(a)).
For the invisibility cloak design, the refractive index profile is
given as

R —" 3)

(1+ i)

where n, = 3.0 corresponding to the amorphous Ge,Sb,Tes
ground layer. The right column of Fig. 3(a) shows the perform-
ance of the invisible cloaking at 4 = 500 nm, where the discre-
tized cloak compensates for the phase difference and recon-
structs the cylindrical wavefront of the light propagating
through the curvature and subsequently hides the object
underneath the bump. Another example is an achievement of
the ‘monopole’ lenses, or the so-called Maxwell fish-eye. This
shows the function of redirecting the outgoing beam from a
point source to create a second focal point on the opposite
side of the lens when the point source is placed on the per-

Nanoscale, 2018, 10, 17053-17059 | 17055
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Fig. 2 (a) A scheme of the discretized Rinehart-shaped surface. The ITO line electrodes were on the inside surface of each Ge,Sb,Tes segment. (b)
A radial cross-section of the discretized Rinehart-shaped surface with a 9-layered Ge,Sb,Tes dielectric above the amorphous Ge,Sb,Tes ground

plane. Distributions of (c) E, and (d) E, through the surface at 2 = 500 nm.
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Fig. 3 The left column shows radial cross sections of discretized Rinehart-shaped surfaces with nine distinct layers of the Ge,Sb,Tes dielectric and
the right column shows distributions of E, at the upper surface of constituant Ge,Sb,Tes slabs covering the Rinehart-shaped surface, where a cylind-
rical wave excited by a point source propagates from left to right for various functions: (a) invisible cloaking, (b) a Maxwell fish-eye lens and (c) a

Luneburg lens.

imeter of the lens. It is attained with a refractive index profile
expressed as

2(1+ V1 pr)E
X
(1+ \/1—/)2) + p?

where ny, = 2.1 since the Ge,Sb,Tes ground layer is crystal-
line. For all the above designs, the structure is discretized into

N(p) = 8 (4)

17056 | Nanoscale, 2018, 10, 17053-17059

nine layers, and the configuration is shown in Fig. 3(b). The
Luneburg lens is demonstrated in Fig. 3(c), where the whole
structure is in the homogenous amorphous state (N(p) =
np = 3). The simulation results of the above functionalities
based on the Rinehart-shaped curvature but without discreti-
zation are summarized in the ESI (Fig. S21). The amorphous
Ge,Sb,Tes dielectric becomes crystallized once it is heated
above the crystallization temperature of 7o = 433 K and
before reaching the melting temperature of Ty, = 873 K.*°

This journal is © The Royal Society of Chemistry 2018
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Importantly, the Ge,Sb,Tes can experience several intermedi-
ate states, containing regions of both the amorphous and crys-
talline phases, so-called partial crystallization,"* which is
instrumental for obtaining the gradient refractive index
distribution.”*** The boundary of the proposed structure can
only guide the wave rather than localize the energy relating to
the phenomenon. Namely, here the wave was guided by a
dielectric curvature with a gradient dielectric constant and not
a perfect 2D system.

This shows that an electric current enables the thermal
switching of the Ge,Sb,Te;s dielectric where rapid heat
diffusion, as well as a repeatable energy dose, can control the
partial crystallization process.”> By repeatedly heating the
same area of the Ge,Sb,Tes layer with the external stimulus, a
continuous change in the refractive index of the Ge,Sb,Tes is
achieved.*®*” The change in the refractive index (or the crystal-
lization proportion) can be verified by infrared reflectivity
measurements of the switched area. Eqn (5) describes the
effective permittivity of partially crystalline Ge,Sb,Tes; by the
Lorentz-Lorenz model,*® which may be broadly tuned via the
Vbias as

é‘eff(a)) —1 _
Eeff (a)) +2

€amph (a)) —1
Eamph (@) + 1

Ecrystal ((1)) -1

+(1—Jj)x
gcrystal(w) +2 ( J)

(5)

where e.q(®) is the effective permittivity of partially crystalline
Ge,Sb,Tes, ecrystal(®) and eampn(@) are the effective permittiv-
ities of crystalline and amorphous Ge,Sb,Tes, respectively, and
J is the crystallization proportion of Ge,Sb,Tes. Thus one can
vary the refractive index of the constituent Ge,Sb,Tes slabs to
achieve a graded refractive index profile by controlling the crys-

Luneburg Maxwell
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tallization ratio through the t,,s applied to each layer
(Fig. 2(a)).

As was mentioned above (Fig. 2(a)), the tyi,s applied to each
Ge,Sb,Te; segment can be controlled independently through
the separated electrical switch. It thus provides the different
crystallization proportions for the different Ge,Sb,Tes slabs.
Namely, the achievement of the various crystallization ratios
requires the Vs to hold the Ge,Sb,Tes above the T¢, but
below the Ty for the different time durations (¢4). The specific
temporal changes in the temperatures of the Ge,Sb,Tes con-
stituent curved layers for each TO functionality are displayed
in Fig. 4. The two fundamental state transitions of crystalliza-
tion and reamorphization take place at different temperatures
and time scales. Herein, we focus on reversible switching
using an electrically triggered state transition. The thermal
properties of the Ge,Sb,Te; material utilized for the model can
be found in ref. 49.

We start from the invisible cloaking (stage-I). First, the
numerical simulation shows that the temperature within the
as-deposited amorphous Ge,Sb,Te; dielectric layer increases
with s under Vpias = 1 V. It can exceed the amorphous-to-
crystalline transition temperature of T = 433 K after ¢. ~ 4 ns,
where the planar ground layer is amorphous Ge,Sb,Tes
(np = 3). To crystallize the Ge,Sb,Te; completely, a follow-up
annealing procedure is carried out to provide sufficient
thermal energy to maintain the temperature above T but
below Ty for ~50 ns.’® Through time controlled external
heating, one can manage the crystallization proportions and
thus modulate the refractive index of each constituent
Ge,Sb,Te; band to approximate the required gradient profile
(the left column of Fig. 3(a)). The corresponding crystallization

Luneburg

Cloaking lens fish-eye lens Ellr{isrtlem
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Fig. 4 A time dependent temperature distribution of the Ge,Sb,Tes layers for invisible cloaking (stage 1), the Luneburg lens (stage II), the Maxwell
fish-eye lens (stage Ill), the Luneburg lens (stage V), and the Einstein ring (stage V). Bottom panels: Distributions of E, from stage | to stage V.
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proportion (j) and time durations (¢4) for each Ge,Sb,Tes slab
are shown in the ESI (Table S1}). Note that the Vi, linking to
the ground layer is off (disconnected) to maintain the as-
deposited amorphous state. The temperatures of the crystal-
line Ge,Sb,Te; layers start dropping down to room temperature
once the bias voltage (Vpias = 1 V) is off (disconnected), due to
heat dissipation into the surrounding air.

In stage II, all of the partially and fully crystalline Ge,Sb,Tes
bands are reset to the amorphous state (the left column of
Fig. 3(c)), in which the Luneburg lens is achieved. To amor-
phize the Ge,Sb,Tes, the crystal lattice needs to be molten and
afterwards quenched to room temperature to prevent any
recrystallization of the atomic structure. A bias time of 12 ns
for the Vs = 3 V is sufficient to initiate such a melt-quench-
ing process. By switching off the Vi, = 3 V, subsequent fast
cooling can decrease the temperature and quench the melt
into the amorphous state. It should be pointed out that the
crystal lattice of a Ge,Sb,Tes layer requires a period to relax
from the amorphous to the crystalline state, resulting in a
longer duration of phase alternation than the time needed for
melt-quenching the lattice into the amorphous state.

In stage III, we then proceed to demonstrate the time
dependent temperature distributions for the Maxwell fish-eye
lens. The conditions, j as well as ¢4, of each Ge,Sb,Tes layer are
summarized in the ESI (Table S27), and satisfy the refractive
index shown in the left column of Fig. 3(b). Herein, the Vi
linking to both the ground layer and layer 1 is “on” to fully
crystallize the Ge,Sb,Tes (np = 2.1) in 4 = 50 ns, and layer 9 is
fixed in the amorphous state. In stage IV, Vy,s = 3 V is again
adopted to reamorphize all the Ge,Sb,Tes layers (from the
ground planar layer to the top curved layer) in 12 ns.

Finally, the time-dependent temperature distributions of
the Ge,Sb,Tes layers to achieve the Einstein ring are demon-
strated in stage V with j and ¢q shown in the ESI (Table S37). A
full recorded movie of the features discussed above has been
provided in the ESI video.t A detailed description of the movie
can be found in Section 7 of the ESL{

Another interesting finding is that our device can cover
most of the visible region (from 450 to 650 nm), over which
the curvature precisely creates the collimating beam, cloaking
and Luneburg lens performances, although the guided-wave
implementation was initially designed to operate at A1 =
500 nm (Fig. S7-S9 of the ESI}). This indicates that our recon-
figurable active device is precise in reconstructing the guided-
wave fronts over a broad bandwidth in the visible region. It is
worth mentioning that although this work itself is not experi-
mental, the theoretical analysis is built upon the measured
dielectric constant of Ge,Sb,Tes,>”>" showing the possibility of
real-world applications. We also developed a thermoelectric
model to examine the temporal variation of the temperature of
each constituent Ge,Sb,Tes curved slab. It shows that, by con-
trolling the bias time (fp;as) Of the applied Vi, the different
Ge,Sb,Tes layers can be crystallized in various proportions,
resulting in a predetermined refractive index gradient distri-
bution to achieve the desired functions in nanoseconds. Thus,
our proposed structure can rapidly manipulate the wavefront
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of guided-waves in the visible region. This is highly advan-
tageous for TO systems where ultrafast reconfigurability and
versatile reprogrammable functions are major concerns. Given
that the phase transition is a transient heating procedure and
the Ge,Sb,Tes cannot efficiently localise the E-field, in the
model we do not consider the nonlinearity of the Ge,Sb,Tes at
high temperatures.

3. Conclusions

In conclusion, we have studied the feasibility of tailoring the
propagation of guided-waves by solely modulating the chalco-
genide in a Rinehart-shaped curvature waveguide. It shows
that the electrified surface composed of Ge,Sb,Tes curved
slabs can be used as versatile nonplanar TO devices. It can
control the wave propagation in various ways and operate in
the visible region by triggering the bias voltages to Ge,Sb,Tes
segments. The unification of the conventional TO technique
with the ultrafast state transition of Ge,Sb,Tes is expected to
establish a new paradigm in real-time multifunctional
systems. It may offer an unexploited means for arbitrary and
dynamic focusing of light, light shaping and cloaking across
most of the visible region, and increasing integration with
other structures to create versatile and advanced functions. We
also envisage that the interesting interactions between photo-
nic nanostructures and the recently developed phase change
material family of Ge-Sb-Te alloys could lead to further excit-
ing developments in physics and new roles in the field of
atomic-scale photonics.
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