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ABSTRACT

We propose a miniaturized photonic switch, which utilizes (recently discovered) plasmon analog of index enhancement. An index is tuned
via a control (auxiliary) pulse. The operation principle of the proposed device, composed of a few layers of nanorod dimers, is different than
the conventional photonic switches. In the proposed device, a stop band is created at the desired frequency determined by the control pulse
frequency. Calculated modulation depths are quite large, and response time is determined by the plasmon lifetime. The method we propose
here is based on linear operation that requires low power and has very small foot-print that satisfies the major needs to be the choice of a

switching scheme for integrated optics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0071984

The ability of crafting materials at dimensions comparable to
wavelengths of light not only allowed control of electromagnetic radia-
tion at the nanoscale but also paved the way to revolutionary metama-
terials' and photonic crystals (PCs).” " PCs, periodically altering
refractive index materials, reshape the propagation (dispersion) of the
incident light and even can prevent it at certain propagation directions
within some frequency ranges, named as photonic band gaps (PBGs).”
PBGs, whose structure depends on the periodicity and index contrast,
can be utilized as waveguides,” optical cavities,” optical memories,”
and switches.”' In this way, PBGs enable important applications such
as on-chip photonic signal processing."’ These structures allow control
even over quantum phenomena'” " such as spontaneous emis-
sion'”'® and entanglement'” at the nanoscale.

Similar to resonator- and waveguide-based optical switches,
a PC based switch requires external control of the constituent materi-
al’s refractive index. Tuning the PBG width a few percent allows for
use of PCs as photonic switches. The refractive index of semiconduc-
tors (materials commonly employed in current PC technologies owing
to their relatively high index, n=3.5-4, and small absorption) can
be tuned externally (actively) via optical heating,21 free-carrier
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excitation,'® and electronic Kerr-effect.'””> While the technique of
free-carrier excitation provides the largest index change (~3%), its
response time (tens of picoseconds) is much longer compared to the
modulation time of the Kerr effect (a few femtosecond). Using the
Kerr effect, in contrast, an achievable index change is only ~1%.

Metal nanostructures, which can localize the incident light into
nm-sized hotspots, are also utilized for photonic technologies. Hybrid
metastructures, created with semiconductors and metallic nanostruc-
tures, increase the versatility of integrated photonic structures.”” >’
Yet, the functionalities of modulation depth, response time, and (espe-
cially) metal-induced losses are limited.”” >’

Therefore, a mechanism providing a large refractive index, which
is tunable after the PC is manufactured with a short response time,
would be very beneficial in the development of PC-based technologies.
In this paper, we propose a control mechanism for PCs, which demon-
strates all of the features listed above. We utilize a recently discovered
extraordinary index enhancement (linear) scheme for coupled plas-
monic nanorods.”*”” A control pulse, of different polarizations, can
tune the index up to an order of magnitude. The scheme is the analog
of refractive index enhancement’®”’ previously used in creating the
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PC from the vortex lattice of cold atoms,””"

technological potential.

In this paper, we show that the plasmon analog of index
enhancement can carry PC-based technologies a step forward. The
studied scheme can be used to create a stop band at a desired fre-
quency, which is determined by the frequency and phase of the auxil-
iary (control) pulse. When the control pulse is off/on, the probe pulse
is transmitted/reflected. Large modulation depths can be achieved
even using 3-4 silver nanoparticle (NP) dimers. Once the structure is
manufactured, the switch can be operated at different frequencies,
which depends on the wavelength of the control pulse.

The operation principle of such a switch is quite different than
the conventional ones. In the conventional PC switches, the device
application is based on the 2%-3% tuning of the PBGs,'*'**"*
whereas, in our proposed method, the stop band appears at a specific
frequency determined by the choice of the control pulse. Moreover, as
the index enhancement is induced by the control pulse-driven nano-
rod, the response time is determined by the damping rates of the metal
nanoparticles (MNPs), typically yypp = 10°-10"° Hz.”>*

Despite such rewards, it becomes necessary to tune the phase of
the control pulse with respect to the lattice periodicity as the index is
sensitive to the control pulse’s phase. Such a tuning can be performed
by using various alternative methods,” *° see the supplementary
material for details. The stop band is achieved at the specific frequency
determined by the control pulse, unlike conventional PC
switches.'”'*”"** This provides flexibility in the operation frequency
after manufacturing the miniature device.

We consider a 1D switch that contains 3-4 layers of nanorod
dimers of total length 600-800 nm. We assume that the miniature
switch is in a PC slab waveguide. Here, the PC waveguide is present
only for confining and directing the light.”” We perform 1D (modi-
fied) transfer matrix method (TMM) calculations for the 3-4 layer-
length switch. We simulate each y-aligned nanorod as a uniform layer,
whose effective index is tuned by the control pulse, see details in the
text. In this initial work, we aim to present the idea and the basic
behavior of such a switch without complicating the system. Our TMM
simulations take the shifted phases at each layer into account, which
sets the major sophistication here. The method is more general and
can be applied also to 2D and 3D lattices by considering other resonat-
ing structures, see the text.

For creating a tunable stop band, we make use of the recently
explored phenomenon: plasmon-analog of index enhancement.”®
While plasmon analogs of electromagnetically induced transparency
(BIT),”****" in the linear (Fano resonances’” **) and nonlinear
response,'ﬁ’/18 have been demonstrated before, demonstration of the
plasmon analog of index enhancement”” could theoretically be
obtained just recently The phenomenon is also demonstrated
experimentally.”’

Panahpour and colleagues™ demonstrate that polarization
response of a y-aligned silver nanorod to a y-polarized probe pulse can
be controlled by the presence of an x-polarized control pulse, see
Fig. 1. Owing to the shape resonance (selective coupling™’) of nano-
rods, x,y-polarized pulses can excite “only” the x,y-aligned nanorods,
respectively. Beyond studying the enhancement using a basic analytical
model, which has widely been demonstrated to work very well for
plasmonic path interference effects,”””"”

a platform with limited

2 Panahpour and colleagues
also demonstrated the phenomenon via numerical solutions of 3D
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FIG. 1. A sample setup for the sub-micron photonic switch. The probe (E1y) and
the control (E,x) pulses enter the 3-4 layers of nanorod dimers (see the inset) through
defect waveguides. Amplitude and phase of the control pulse controls the index
enhancement of the dimers. When the control pulse is off, the probe is transmitted,
while transmission is avoided when the control pulse is on. The phase of the control
pulse is tuned along the x-direction (see the text). 3-4 layers (= 600-800nm) are
enough to achieve high modulation depths, see Figs. 3 and 4.

Maxwell equations for silver nanorods of dimensions 20 x 60
x 20 nm”. This scheme not only enhances the refractive index by an
order of magnitude but also results in a canceled absorption at the
enhancement frequency—just the same as in its EIT counterpart.”’
For a monochromatic control pulse E,(t) = Eye~®e~, of the
same frequency with the probe E; (t) = Eje~ ", the enhanced suscep-

26,53

tibility seen by the probe (E;) pulse can be expressed as™

i
1w) =fo oézgg;z;EZ/Elv (1)

where 0; = u)l2 — w? — iy;0. ] = ®; = w, and y; , are the resonan-
ces and the damping rates of the two nanorods, respectively. g defines
the interaction strength between the two nanorods. E, , are the ampli-
tudes of the probe and control pulses, see the supplementary material
for details. One can realize that the enhanced susceptibility () in
Eq. (1) is strongly dependent on the phase difference ¢ between the
probe and control pulses. For one choice of the ¢, susceptibility can be
enhanced (in a given frequency range) while such an enhancement
may vanish for another choice of the ¢.

Figure 2 plots the refractive index n(w) for the probe pulse calcu-
lated from Eq. (1).”* The index can be enhanced about three and six
times for a control pulse of amplitudes E, = 10E;, and E, = 50E;,
respectively. Moreover, the refractive index is real at w = w,
= 0.9650y. Thus, one can tune the control pulse amplitude E, for
altering the refractive index of the y-polarized probe pulse E; propa-
gating in the x-direction. In Fig. 2(b), we observe that the imaginary
part of the index becomes zero almost at the same frequency (vertical
dashed-line) for E, = 50E; and 10E;, where the real part of the index
becomes superiorly enhanced. We note that a double resonance
appears for E; = 0 due to the presence of coupling between the two
nanorods when the control pulse is turned off.
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FIG. 2. (a) Real and (b) imaginary parts of the enhanced refractive index.
Response (index) of the medium to the y-polarized probe pulse is controlled by the
amplitude of the x-polarized control pulse (Ej). Index is enhanced, and it is real at
.= 0.965m0. Resonance of the nanorods is wo. Without the periodicity, the probe
pulse is amplified, e.g., to the left of ;.

It is worth mentioning that the susceptibility (1), hence the
refractive indices in Fig. 2, is sensitive to the phase difference ¢. In Fig.
2, we consider a phase difference ¢ = —n/2 between the probe and
the control pulses. For other choices of ¢, the index enhancement can
appear at other frequencies or even disappear. Thus, phase tuning also
provides another degree of freedom for achieving the desired function
of the device.

We propose to utilize such nanorod dimers for manufacturing a
miniaturized tunable photonic switch. We consider a system where
3—4 nanorod dimers are placed in a photonic crystal cavity depicted in
Fig. 1. We take the periodicity of the dimers as a,=200nm in the
x-direction. We consider the y, z dimensions of the cavity as £, = £,
=100nm. Probe couples only to the y-aligned nanorod whose
x-width is wy=20nm. We ignore interaction of the probe with the
x-aligned nanorod, which is very small compared to its coupling to
the y-aligned nanorod even without the index enhancement. That is,
the layer in which only a single dimer exists has the volume
Viayer =20 % 100 x 100 nm>. Viayer has the index depicted in Fig. 2.
We assume that the remaining part of the periodicity Vg, =180
% 100 x 100 nm” is filled with index n= 1. Filling factor of the index
enhanced layer is 20/200=10%. The total length of the switch is
3-4 x 200 nm = 600-800 nm. The x-polarized control pulse propa-
gates in the y-direction, and its phase can be altered along the
x-direction. We carry out the reflection/transmission and propagation
calculations using a transfer matrix method, which is adapted for the
E,/E;-dependent (also phase-dependent) index calculated from y(w)
in Eq. (1), see the supplementary material for details. In all the calcula-
tions presented below, we set E; = 10E;.

ARTICLE scitation.org/journal/apl

It is important to note that the index enhancement scheme pre-
sented in Fig. 2 is very sensitive to the phase difference ¢ between the
probe and the control pulses. This means that, though we warranty
the enhancement of the index at the first layer via an initial phase tun-
ing, the susceptibility (1) may not be enhanced in the second or third
layers. For circumventing this partially, we introduce an x-dependent
phase to the control pulse. We set a ¢y(x) = 27[n(w) X wy + 1
X (ay — wy)]/2 phase shift to the control pulse along the x-direction
at each alternating layer. / is the vacuum wavelength of the operation
frequency. This can be performed, for instance, by using a spatial light
modulator (SLM) in free space, a wedge geometry, or a photonic crys-
tal waveguide design, see the supplementary material.

We note that this procedure only warranties the index enhance-
ment at the second layer, e.g., not at the third layer. Worse, for any
arrangement of the ¢, (x) at the second layer, the E,/E, ratio
changes, which demolishes the periodicity of the index. Still, our calcu-
lations (Figs. 3 and 4) show that the method works for a wide range of
frequencies, i.e., where an enhanced index is present. We kindly note
the following. The frequency where the index becomes real,
® = 0.965wy, lies in the bandgap region, for instance, both for
E2 = 10E1 and E2 = 50E1

Figure 3 demonstrates the transmission after each layer when the
control pulse is (a) off and (b) on. In Fig. 3(a), the transmitted pulse
decreases linearly at a log plot. In Fig. 3(b), however, the slope of the
transmission becomes steeper at each layer as E,/E; changes at each
layer. We observe in Fig. 4 that such a ¢,;(x) tuning works for a wide
range of frequencies about the enhancement region. It is striking that:
while there exists a large amount of gain at w = 0.95wy in Fig. 2(b),
Fig. 4 shows that the stop band of the three-layer structure can turn-
off the transmission.

w=w =0.965w
c 0

Transmission
>

—©—E_ ON (after each layer)

aux
- = E OFF (at last layer)

Transmission
>
(4]

-

e
o
T

-
N
w
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Layer number

FIG. 3. Transmission of the probe after each layer. The control (auxiliary) pulse
amplitude is set to E, = 10E; in all calculations. (a) When the control pulse is off,
the index is not enhanced. The transmitted pulse is absorbed by the silver nano-
rods, and it decreases linearly in the semi-log scale. (b) When the control pulse is
on, the index is enhanced (Fig. 2). The E,/E; ratio changes at each layer, resulting
in a larger susceptibility (1) at each alternating layer. The width of a layer, contain-
ing a single nanorod dimer, is 20 nm, and the periodicity is ax =200 nm.
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FIG. 4. Modulation depth achieved using only three layers of dimers of length =3
% 200 nm = 600 nm. The modulation of the transmitted signal is compared with the
E; = 0 (blue dashed-line in Fig. 2). Though there is gain for & < w;=0.965wy,
the index is enhanced, see black solid-line in Fig. 2; the three-layer structure stops
the transmission with a modulation depth of 107 at about 0.96w. Modulations
depths as high as 10" can be achieved.

In Fig. 5, we compare the two situations, i.e., when the phase tun-
ing ¢oy(x) is (a) performed and (b) not performed at @ = 0.98¢y.
Figure 5(b) shows that the phase mismatch results a gain medium at
the third layer. The behavior of the refractive index for other values of
the phase difference can be found in the supplementary material One
can observe that n(w) displays a large gain at @ = 0.98w,, while there
is a large absorptive imaginary part Im{n(w)} for ¢ = —m/2 at
o = 0.98w,. In Fig. 5(a), we could not calculate the transmission after
the fourth layer as the index ~(E,/ E;)"/? becomes extremely large
and it appears in exponent in TMM calculations.

Figure 3(a) shows that even when the control intensity is off, i.e.,
the switch is ON, only 2% of the probe pulse is transmitted at
® = w, = 0.9650. While the transmission drops to 10~° when the
control pulse is on, this situation results in signal inefficiency in the
switching operations. This problem can be circumvented by operating
the switch by altering the phase of the control pulse ¢ 4(x). For
instance, Fig. 5 compares the transmissions with and without an
appropriate ¢q(x) phase tuning. One can observe [Fig. 5(b)] that
after the third layer probe signal is even amplified by ~20 times when
the phase ¢(x), while it is suppressed to 107> when the ¢ (x)
phase is tuned accordingly.

The enhancement scheme possesses a remarkable advantage in
photonic switch applications: the probe and the control pulses have
different polarizations. Thus, Rayleigh scattering of the control pulse
cannot limit the modulation depth. The modulation depth can be lim-
ited only by a polarization conversion scattering. Apart from the
energy transfer at the hot spot, x and y-aligned nanorods possess very
small polarization-converting scattering because of their shape reso-
nances. The polarization conversion due to the energy transfer at the
hot spot is already considered with the propagation of the probe pulse,
and the phase is chosen accordingly. The main limiting factor for the
modulation depth appears due to the radiative damping of the x-
aligned nanorod along the x-direction. Yet, only 2% of the damping
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FIG. 5. A comparison of the behaviors of the transmission when the phase of the
control pulse ¢ (X) is (a) tuned and (b) not tuned. (a) When ¢y () is tuned,
each layer displays an enhanced index. (b) When the phase of the control pulse is
not tuned, the first and the second layers suppress the transmission but the third
layer amplifies the probe pulse. For a varied phase difference, e.g., for ¢ = +7/2,
the index displays a gain at the same frequency, see the supplementary material
for the behavior of the refractive index for different phases.

rate is due to the radiative decay in small nanoparticles,” and such
limitations can also be circumvented by employing the switching via
the phase-tuning method.

An index enhancement scheme depends critically on the phase
difference between the probe and the control pulses. When there is
periodicity of nanodimers along the z-axis in Fig. 1, there would
appear no problems, because the phase of the control pulse is constant
in the x-z plane. On working the periodicity along the propagation
direction of the control pulse, y, however, one needs to take care of
the different positions (so phases) of adjacent dimer arrays along the
y-direction.

In summary, we demonstrate that a recently explored phenome-
non, the plasmon analog of the index enhancement,”® can be utilized
for achieving a sub-micron-long photonic switch. Moreover, the oper-
ation frequency of the switch is tunable via a control pulse after it is
manufactured. The method provides high modulation depths for a
3-4 layer structure, see Fig. 4. Such a micrometer-long switch is essen-
tial for the miniaturization of photonic devices and can be integrated
into dielectric or nanoparticle waveguides.”

The index enhancement is obtained using two perpendicularly
positioned silver nanorods of dimensions 20 x 60 x 60 nm>.”° The
response (index) of the system to the y-polarized probe pulse is tuned
by an x-polarized auxiliary (control) pulse. The index becomes larger
as the amplitude of the control pulse increases. Once the control pulse
is turned off, the index enhancement would disappear in tens of fem-
toseconds, allowing the transmission of the probe pulse. The switch
can also be operated by setting (OFF) and removing (ON) the appro-
priate phase-tuning for the control pulse. In the ON mode, the trans-
mitted pulse is even amplified. The method is applicable also to 2D
and 3D photonic structures.
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Despite its advantages, the setup necessitates a careful tuning of
the spatial phase ¢, (x) of the control pulse along the periodicity (x)
direction. This can be achieved either by tilting the propagation direc-
tion of the control pulse or by using a phase modulator.”””* While this
may cause complications for longer switches, basic TMM simulations
show that 3-4 layers should be enough for obtaining reliable modula-
tion depths. In other words, we already aim to manufacture a short
switch here.

In this work, we focus on a short switch application. However,
the scheme and the method we introduce here can also be used to
manufacture photonic waveguides, whose operation frequency can be
tuned via a control pulse. This presents both size and control advan-
tages compared to the conventional integrated photonic crystal wave-
guides, whose PBGs can only be tuned within a small range using the
conventional tuning mechanisms. Moreover, the large modulation
depth that we demonstrate here is of particular importance in achiev-
ing the integrated amplitude modulation. The conventional amplitude
modulators that are based on nonlinear crystals are difficult to inte-
grate on chip and require very large potentials that are not practical
for integrated schemes. The method that we propose here is based on
linear operation and has very small foot-print.

See the supplementary material for the details on the plasmon-
analog of the index enhancement, the modified transfer matrix
method, the methods for tuning the phase of the control pulse, the
choice of the lattice parameter, and the maximum modulation depth.
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