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Recent progress on metamaterial based polarization manipulation of light is promising for novel polarization dependent
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optical components or systems. To go beyond the limited frequency bandwidth of metamaterial that due to its resonant

nature, it is highly desirable to incorporate tunability into metamaterial-based polarization manipulations. Here, we

propose a dielectric metamaterial for controlling the linear polarization conversion using the phase-change characteristic

of Ge,Sb,Tes (GST), whose refractive index changes significantly when transfoming from the amorphous phase to the

crystalline phase under external stimulus. The polarization conversion phenomena are systematically studied by different

arrangement of GST in this metamaterial. The performance of linear polarization conversion and the tunability are also

analyzed and compared in three different designs. It is found that the phase-change materials such as GST can be

employed in dielectric material for tunable and switchable linear polarization conversion in the telecom band. The

conversion efficiency can be significantly modulated during the phase transition. Our results provide useful insights of

incorparating phase-change materials with metamaterials for the tunable polarization manipulation.

Introduction

* a kind of artificial materials with exotic

Metamaterials,”
properties beyond natural media, have attracted considerable
attention in realizing novel functions in optical components or
systems. Since the first experimental demonstration of
negative refraction with periodic metallic wires and split ring
resonators at the microwave frequency,” more and more novel
electromagnetic phenomena and extraordinary applications

have been inspired ranging from microwave to visible

6-33 6-15

frequencies, such as

16-21

invisibility cloaking,

22, 23

perfect

absorbers, high resolution lenses,

24-31

and polarization
manipulation.

While metallic metamaterials are restricted in performance
by the ohmic damping when reaching near the optical
frequency, dielectric metamaterials with their building blocks

3438 are raised to resolve the loss

made of low-loss dielectrics,
issue, by exhibiting a certain order of Mie resonance other than
conducting currents in its sub-atoms. In addition, considering
most metamaterials can usually only work within a specific
narrow frequency band due to their local resonant nature which
limits the application in reality. For improving the performance,

some studies have been focused on tunable metamaterials by
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incorporating tunable mechanism within the subwavelength
unit cells of metamaterials, these including the introducing of
semiconductors,**® lumped elements,*’"*" liquid crystals,’*’
ferromagnetic and ferroelectric materials,*® > and grapheme.®
72

Phase-change material Ge,Sb,Tes (GST)73'77 has emerged as
a promising candidate for manipulating optical waves, because
its optical and electrical properties can be changed drastically
from amorphous (a-GST) to crystalline state (c-GST)"®*" by
applying either heat, photonic, or electric power on it. More
interestingly, GST has both phases stable at the room
temperature and can be quickly and reversibly switched
between one and the other without volatilization at a time scale
of 50 ns,*' and an arbitrary intermediate crystalline state
between a-GST and c-GST can be stably stayed by precisely
controlling the energy and duration of the stimulus.’ The
different bonding mechanisms for these two phases, i.e.,
covalent bonding for the amorphous phase and metavalent
bonding for the crystalline phase, will lead to different
dielectric functions in optical frequencies.®” In this way, optical
waves can be modulated by exploiting the large contrast ratio
on complex refractive index between a-GST and c-GST
phases.”” The different optical response can be further
employed for designing phase change metamaterials with
switchable manipulations on light.

In this article, we proposed dielectric metamaterials with
tunability and high optical polarization conversion efficiency
(PCE) based on Ge,Sb,Tes. We systematically studied the
behaviour of GST metamaterials with different geometric sizes,
crystallization ratio and incident angles, numerically compared
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the linear polarization converter (LPC) performance of three
different designs, and explored the tunability of complex
refractive index benefitting from its phase-change feature. We
found that all structures with a-GST show high polarization
conversion ratio (PCR).

Results and discussion

Figure 1
metamaterial as

shows schematically the proposed dielectric
the linear polarization converter. The
metamaterial is composed of an array of L-shaped dielectric
resonators, and a silver ground plane, with a low index glass
spacer. For a systemically investigation of the controllable

polarization conversion behaviour, we study structures with

three variations as controlled groups, where GST (yellow in Fig.

1) was set as different parts of the dielectric metamaterial: (i)
GST film is sandwiched in between the silver ground plane and
a layer of glass, with L-shaped silicon resonators placed on top
of the glass as shown in Fig. 1c; (ii) GST film is coated on top
of the L-shaped silicon resonators as shown in Fig. 1d; (iii)
GST film is constructed as the top L-shaped resonators as
shown in Fig. le. The light is incident on the top surface of the
dielectric metamaterial polarized along x/y-axis (in considering
the oblique case). The bottom of the LPC is a fully reflective
silver ground plane in order to totally suppress the wave
transmission, assisting high efficient control of light in
reflection mode. In the study, the low-index glass is modelled
by n= 1.48, and the dispersive index of refraction n and
extinction coefficient k of GST films are plotted for both
amorphous and crystalline states (a-GST and ¢-GST) in Fig.
1b.” We can see that the refractive index of GST changes
smoothly in the telecommunication wavelength band. Note that
the extinction coefficient of GST representing the absorbing
ability is negligible in the amorphous state while relatively
large in the crystalline state in the highlight region (A~1.55um),
indicating that the GST will be a good candidate in realizing
high-efficiency and tunable metamaterials with predesigned
functions in the telecom band, such as in depth polarization
modulation.

Nanoscale

The low-loss of amorphous state and high contrast ratio in
refraction index and extinction coefficient are beneficial for
achieving high modulation depth in polarization conversion in
telecom band. We employed a finite-difference-time-domain
(FDTD) method based electromagnetic solver for investigating
the polarization conversion properties of the proposed
metamaterials. In the simulations, periodic boundary conditions
were set along the x and y directions to simulate an infinite
periodic array, and a plane wave was incident on the top surface
of the proposed designs with y-polarized electric field (E;
=Eyiey).

In our analysis, we calculated the complex reflection
cocfficients for both cross-polarized and co-polarized light.
Since the phase of GST can be controlled by precisely
controlling the external stimulus, GST film can be with
arbitrary hybridization ratio of a-GST and c-GST, and thus the
efficiency of LPCs can be gradually tuned. Among the several
effective-medium theories developed for the description of the
optical constants/dielectric functions of heterogeneous medium,
Lorentz-Lorenz relation is one of the best candidates and has
been successfully applied in the GST thin film in different
crystallization ratio. The optical constants of GST with a certain
hybridization ratio of a-GST and ¢c-GST can be calculated using

the Lorenz-Lorentz rs:lations,83

Eerf(D)-1
Seff(ﬂ.)+2

ecgsT(M)—1
ecsT(M)+2

gagsT) -1
eagsT)+2

+(A-n)x

where ecgst(A) and gxgst(Ah) are wavelength-dependent dielectric
constants of GST in crystalline and amorphous states, and 1 is the
crystallization fraction of GST ranging from 0 (pure a-GST) to 1
(pure c-GST). Results are shown in Fig. 2.

In the study, we mainly explored the mechanism of the GST
in the tunable LPC for the three different structures via
changing arrangement of GST. Obviously, the PCE obtained by
our LPCs is varied by the characteristics of GST. As the ground
plane of the LPC blocks light from passing through the
metamaterial and we fix the incident polarized in y-direction,

(a)

GST
[0 Silicon
N Glass

Fig. 1 (a) Schematic of the proposed dielectric metamaterials consisting of periodically arranged L-shaped resonators. (b) Index of refraction n and extinction
coefficient k of amorphous (subscript A) and crystalline (subscript C) GST. (c)-(e) Different structures of the dielectric metamaterial containing GST: The GST film
serves as dielectric spacer, covering on the silicon resonator, and the L-shaped resonator, respectively.
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Fig. 2 The (a) real and (b) imaginary part of the permittivity of GST with different
crystallization ratio.

the scattered light with different polarizations can be well
defined by the R,,=(E,/E;)*> and R, =PCE=(E,/E,)’
representing the co-polarization (y-to-y) and cross-polarization
(y-to-x) reflection, respectively. The subscript i and r represent
the incident and reflected light. To evaluate the performance of

the polarization converters quantitatively, we define the PCR as:

PCR = |ny|/(|Ryy| + |ny|)'

First, we explore the polarization conversion in the dielectric
metamaterial with GST substrate (see Fig. 1c). The periodic
array of L-shaped resonators are made of silicon, the lattice
constant is p=1000 nm, the length and width are 1=700 nm and
w=320 nm, the thickness of the resonator is 300 nm. The
dielectric spacer is stacked GST layer and low-index glass layer
with thicknesses of 65 nm and 75 nm, respectively. The
reflection spectra with 65 nm-thick a-GST are shown in Fig. 3b.
where there is one dip of R,y around 182 THz indicating that no
polarization conversion happens, and the other dip of Ry
around 188 THz with R,,=77.3%, implying a high polarization
conversion.

The magnetic field distribution of the resonant mode at 188
THz is also plotted in the inset of Fig. 3b. Since it oscillates
along the L-shaped resonator, the x- and y- components of the
mode can couple to both the x- and y-polarized light, leading to
the polarization conversion around the resonant frequency. It is
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Fig. 3 (a) PCE of the dielectric metamaterial LPC with GST of different thickness
and crystallization ratio. (b) Reflection spectra for x (red)/y (blue) polarizations of
LPC with a 65 nm-thick a-GST substrate under the y-polarized illumination. The H
field distribution at R,, peak (188 THz) is shown as insets. (c) Modulation on the
PCE by crystallization ratio with a 65 nm-thick substrate at 188 THz.
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also worth noting that the two resonances are promising for
realizing a broadband or dual-band cross-polarization converter
via geometric optimization.

The advantages of the GST-based LPC are of its tunable side
by exploiting a partial crystalline state between a-GST and c-
GST and the geometric dimension of the GST film. Figure 3a
shows that the PCE strongly depends on the crystallization ratio
(ranging from 0% to 100%) and GST film thickness (ranging
from 35 nm to 95 nm). As can be seen, the PCE can be greatly
modulated by designing the geometry of the dielectric
metamaterial or by changing the crystallization ratio of GST.
The maximum PCE maintains the highest value of 82.7% near
192 THz when the thickness of a-GST is 35nm, while the
efficiency drops to the relatively highest value of 52.5% near
184 THz with the thickness of a-GST increasing to 95 nm.
Furthermore, we notice that the bandwidth of the LPCs also
undertakes a dramatic change. Obviously, broadband
polarization conversion can be realized from 187 THz to 207
THz when the thickness of GST is 35 nm no matter what the
crystallization ratio of GST is. The modulation on the PCE is
more effective but the conversion efficiency is lower with
thicker GST films, resulting from the higher absorption in bulk
GST materials. In order to compromise the PCE and the
tunability of our device, we choose the GST film thickness to
be 65 nm as a trade-off point.

Figure 4a, d, and g show the calculated PCR for structures
shown in Fig. 1c. As in Fig. 4a, the PCR is higher than 99.9%
at the resonant frequency, indicating nearly total polarization
conversion. The PCR keeps a high value from 185 THz to 207
THz, which implies the broadband feature of the proposed LPC
with a 35 nm-thick GST film. The decrease of the PCR spectra
peaks is negligible with different GST thickness. For the 65
nm-thick a-GST, the PCR peak value is 99.7%, while for the 95
nm-thick a-GST, it is 94.4%. The PCE of the LPC under
oblique incidence was also explored. The x- and y-polarized
PCE as function of incident angles and incident frequencies are
shown in Fig. 4b, e and h and Fig. 4c, fand i, respectively. Near
the resonant frequency, LPCs have relatively high PCE when
the incident angle is within from 0° to 15°.

Then we consider the case in which the GST film is coated on
top of the L-shaped silicon resonators as shown in Fig. 1d. The
two layers of the L-shaped resonator are 200 nm-thick Silicon
and 130 nm-thcik GST on top, and the width of the L-shaped
resonator is w=330 nm. The thickness of the glass is 75 nm.
The reason for the slightly different geometrical parameters is
that GST acting as part of the resonant unit is directly coupled
to optical waves. This setup can improve the sensitivity of the
modulation, and in addition, the phase of GST can be
completely, quickly and reversibly changed by external
pumping light. There exist two resonant dips at 183 THz and
192 THz on the co-polarization reflection spectrum as shown in
Fig. 5a. It is obvious that the LPC with a-GST as the covering
layer has realized the broadband polarization conversion. The
PCE is over 60% from 188 THz to 201 THz. As the inset of Fig.
S5a shows, the distribution of the H field at the peak frequency
of cross-polarization is plotted. The H field is on the centre of
the two arms (Field distribution revise). Note that the GST layer
plays important roles for this covering layer since it not only
combining with silicon so as to increase the PCE, but also
realizing the tunable ability through phase transitions of GST under

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 PCR and PCE maps for a-GST substrate with different thickness as (a)~(c) 35 nm, (d)~(h) 65 nm and (g)~(i) 95 nm, and PCE maps with angle of incidence from 0°to 30° of (b),

(e), (h) TE transfer TM and (c), (f), (i) TM transfer TE.

external stimulus.
Since GST is a part of the L-shaped dielectric resonator in
this case, the geometrical parameters must be redesigned in

order to maintain a high PCE and broad operating bandwidth.
We made an optimization and researched the relationship
between the crystallization ratio of GST and the PCE as shown
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Fig. 5 (a) Reflection spectra of the LPC with the GST as covering layer. (the H field
distribution at R,, peak (192 THz) for the structure is shown insets) (b) PCE with
different crystallization ratio with GST covering layer. (c) Modulation on the PCE
of crystallization ratio at 192 THz. (d) PCR of the LPC for the a-GST as covering
layer.
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in Fig. 5b. The PCE is over 60% from 188 THz to 201 THz
with a-GST, while significantly decreases due to the increased
absorption with the phase transition of the GST from
amorphous to crystalline. Figure 5c proves the tunability of
PCE, which changes from 75.2% to 9.5% at 192 THz under a
phase transition from pure a-GST to pure c-GST. In comparison
to the first case where GST is embedded in the substrate, setting
GST as the cover on the silicon resonator offers a wider
operating band and larger modulation depth. Besides, the
resonant frequency has a redshift with the increase of the GST
crystallization ratio owing to the increasing of refractive index.
We note that this structure can also realize the broadband PCR
as shown in Fig. 5d. The PCR is above 80% from 187 THz to
203 THz, and reaches 99.8% representing the maximum cross-
polarization and the minimum co-polarization at 192 THz. We
also studied the PCE map with different incident angles from 0°
to 30° for both the TE and TM polarizations as shown in Fig. 6.
The broadband PCE maintains at relative lager incident angle
especially for the TE case.

Finally, we also explore an extreme case where the top
resonator is made of GST as shown in Fig. le. The thickness of
the GST resonator is 400 nm, the width w is 350 nm, and the

thickness of the glass spacer is 80 nm. The geometric parame-

This journal is © The Royal Society of Chemistry 20xx
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ters of the structure have changed a bit to settle the feature frequency
since the permittivity of the GST is different from silicon. There also
exist two peaks of R,, locating at 185 THz and 202 THz,
respectively. The second peak is weak due to the relatively strong
absorption around this frequency of a-GST. In contrary, GST has
little absorption at the first resonant frequency, which leads to the
high PCE. The distributions of magnetic field at 185 THz are shown
in the inset. As the phase of EM wave changes, the distribution of
magnetic field changes rapidly between the corner of the L-shaped
resonator and the two arms of the resonator.

The metamaterial with pure a-GST has a peak PCE at 185
THz as can be seen from Fig. 7b, and the PCE decreases at the
resonant frequency with the mixing of c-GST. It is also
observed that when the resonator is fully composed of GST, the
LPC is more sensitive to the dielectric loss. A slight phase
change of GST would cause a dramatic change in the efficiency
of polarization conversion because the LPC is highly dependent
on the resonant strength, and the strength of resonance is
sensitive to the dielectric loss in the resonator. Figure 7c shows
that the PCE can realize a modulation from 80.6% to 1.9% at
185 THz with crystallization ratio ranging from 0% to 100%. It
is clear that the performance of this LPC is mainly determined
by GST. The PCE of this configuration reaches the highest
value among the three LPCs of 80.6% at 185 THz. In addition,
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Fig. 7 (a) Reflection spectra for the LPC with the a-GST as the resonator. (the H
field distribution at reflection dips for the structure is shown insets) (b) PCE with
the different crystallization ratio of GST. (c) Modulation on the PCE of
crystallization ratio at 185THz. (d) PCR of the LPC for the a-GST as the resonator.
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at 185 THz and 202 THz, the PCR of a-GST reaches 99.9% and
75.9%, respectively as shown in Fig. 7d. We also calculate the
PCE map with different incident angles from 0°to 30° and
results are shown in Fig. 8. The PCE maintains a high value
(higher than 60%) when the angle of incident wave varies from
0° to 15°. Comparing to the previous two LPCs, we found that
the modulation depth will be significantly improved if the
resonator is completely composed of GST due to larger
absorption and the resonant peaks will undertake a redshift if
GST stands from amorphous to the crystalline state. In this case,
the thickness of the GST which offers the capacity of tunable
PCE is much thicker than previous two models.

Conclusion

In summary, we demonstrated that the phase-change material
GST can be incorporated in dielectric materials to achieve
tunable and switchable linear polarization conversion in the
telecom band. Metamaterials with different arrangement of
GST in the structure are systematically studied. We have also
demonstrated three tunable reflective LPCs based on the GST
phase-change material in telecom band. These LPCs all showed
high PCE and PCR with a-GST (PCR>99.7%). The maximum
PCE is about 80%, it is mainly limited by the loss in GST films.
The metamaterial structure can be further optimized to achieve
improved PCE. The proposed tunable LPCs offer superior
properties and performance compared to the conventional LPCs
known to be inherently inefficient and untunable. The
mechanism of the tunability employing phase-change material
can be extended to various polarization manipulation based
applications.
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