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Abstract: The performance of plasmonic nanoantenna strestoin top of

SOl wire waveguides as coherent perfect absorlmersbdulators and all-
optical switches is explored. The absorption, ecai, reflection and

transmission spectra of gold and aluminum nanoamtévaded waveguides
were calculated by means of 3D finite-differencaeidomain simulations
for single waves propagating along the waveguidewall as for standing
wave scenarios composed from two counterpropagatimyes. The

investigated configurations showed losses of roudt® and extinction

ratios greater than 25 dB for modulator and switghipplications, as well
as plasmon effects such as strong field enhanceamehtocalization in the
nanoantenna region. The proposed plasmonic cohgeefgict absorbers can
be utilized for ultracompact all-optical switchas ¢oherent networks as
well as modulators and can find applications insg& or in increasing

nonlinear effects.

OCIS codes: (140.4780) Optical resonators; (260.3160) Interiee; (310.3915) Metallic,
opaque, and absorbing coatings; (160.3918) Metaiabste (050.6624) Subwavelength
structures; (230.7370) Waveguides; (130.3120) hateg optics devices; (250.5403)
Plasmonics; (290.0290) Scattering;
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1. Introduction

Absorption in integrated optics is generally sesnaaparasitic effect, which needs to be
minimized. However, absorption and in particulae tbontrol of absorption is also an

opportunity to actively influence the propagatiddight in waveguides. An example of this is

critical coupling, where light can be coupled witb0% efficiency from a waveguide into a

ring resonator by matching losses [1]. Other eXampvhere absorption is exploited are

electro-absorption modulators [2]. Recently, the wé phase-change chalcogenides was



demonstrated to control light absorption in a waneg using a high-intensity laser to induce
the phase-change [3].

Related to the phenomenon of critical coupling,ezent perfect absorption (CPA) was
recently predicted [4,5] and demonstrated experiatigrby Wan et al. [6]. By interfering two
light beams in a slightly absorbing 110 pum-thickcen wafer, they demonstrated 100%
absorption due to the exact cancellation of refl@end transmitted light beams with opposite
phase and equal amplitude. The phenomenon cartdrerigted as the time-reversed analogy
of a laser, or anti-laser [4,5,7,8]. Similar coralis leading to CPA can be achieved using
ultrathin absorbers, as was demonstrated by Zhtiay by interfering two beams on a thin
plasmonic metamaterial [9]. Depending on the pasitf the ultrathin absorber layer in the
node or antinode of the standing-wave light figldsorption could be completely suppressed
or enhanced, in principle allowing perfect absanmptio be achieved.

Here, we investigate the feasibility of integrati@B®A devices into integrated photonic
waveguides. We propose that, in the context ofgnatited waveguides, coherent absorption
can be achieved by loading waveguides with abssrbesub-wavelength dimensions in the
propagation direction. In order to achieve CPA, ititeraction of the absorber structure with
the guided light in the waveguide has to be optuizo achieve the right amount of
absorption with matching interference between ctdlé and transmitted light. We show
numerically that approximate conditions for CPA dmnachieved using a relatively simple
array of resonant plasmonic nanoantennas.

Plasmonic devices are well known for their abitiiylocalize light beyond the diffraction
limit [10,11,12]. Strong optical resonances cardbsigned by tailoring the size and shape of
the nanostructures in analogy to radiowave anterfaes resulting plasmonic nanoantennas
have found wide applications in a variety of fieldsging from nonlinear optics to molecular
biosensing [10,11,13,14]. While most applicatiorendfit from minimizing nonradiative
plasmonic losses, in recent years the strategiofipasmonic nanostructures with designed
absorption has attracted interest for applicationgnergy harvesting [15,16], biomedicine
[17], photocatalysis [18], and nonradiative conttbjuantum emitters [19].

We specifically investigate arrays of plasmonic aemtennas on top of silicon on
insulator (SOI) waveguides as CPA structures. @iligphotonics is chosen for its promise as a
technology for interfacing nanoelectronics and phats on a single chip [2]. Several groups
have addressed the interaction of plasmonic namstes with waveguides [20-28]. These
works have addressed topics such as plasmon-indtexesparency, Fano resonances, strong
plasmon-photon interactions, and directional begnaifiradiation using plasmonic Yagi-Uda
arrays. So far, plasmon-induced CPA using anterorasvaveguides has not yet been
investigated. Compared to three-dimensional plasecnGRA [6], a waveguide configuration
offers a potentially simpler system as fewer modékneed to be matched. In particular,
when considering scattering out of the waveguidarasdditional (coherent) loss channel,
only the coupling with the reflected and transndittgaveguide modes has to be optimized.
While coherent scattering losses strictly speakirggnot included in CPA, they improve the
performance of our waveguide devices. As we wilbvghthe balance between coherent
absorption and scattering losses can be indepdgpdened to some extent by the scatterer
configuration.

Our numerical studies are aimed at assessing ttierpance of a simple model system,
consisting of gold or aluminum nanoantennas on &1 ®aveguide. We address key
questions such as: can sufficient absorption bdewell in an antenna on waveguide
configuration? Are realistic structures with expeentally achievable design parameters
capable of achieving CPA devices with a technolalfycinteresting modulation contrast?
What are the design tolerances and how broadbahé ISPA effect?
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Fig. 1. Concept of coherence perfect absorptioplagmonic nanoantennas on
top of silicon waveguides. Depending on the pasitibthe antennas relative to
the nodes of a standing wave in the waveguide, osetgby two
counterpropagating waves, absorption can be suggmes maximized. The
position of the nodes of the standing wave candjested by manipulating the
phase relation of the two single waves. The,$i#dding was removed in this
picture for clarity.

leftincoming wave
E, = ei(@t-kz)

2. Method

In a scenario (see Fig. 1), where two counterprafiag waves of same wavelength and
amplitude form up a standing wave in the waveguidth spatially constant nodes of
minimum and maximum average energy density, th@rabsce strongly depends on the
position of the antennas relative to the nodesefstanding wave. Positioned in a minimum
node of the standing wave, almost no absorption take place, while positioned in a
maximum node of the standing wave, absorption béllarge. By manipulating the phase of
at least one of the single waves, the positiorhefrtodes can be shifted and the amount of
absorption can be adjusted. For CPA, the absotmrld absorb 50% of the incoming light
for a single wave [9]. Since the average energysithein a maximum node of the standing
wave is four times the average energy density ef @inthe single waves, the absorber will
then absorb twice the power of a single wave, wkimtiesponds to the total incoming power.
Coherent reflection losses at the structure areadkd for each input channel by destructive
interference with the transmitted light of the atbbannel.

The characteristics of gold or aluminium nanoanteammay-loaded SOI waveguides were
investigated by means of 3D finite-difference tidmwain (FDTD) simulations [29] for
single waves propagating along the waveguide, dé ag for standing wave scenarios
composed from two counterpropagating waves.

Simulations were performed using a non-uniform m&ih a resolution of 2 nm in the
region of the antennas. Light was launched intoftiielamental mode of the 400 nm wide
and 220 nm thick SOI waveguide in the form of askeersal electric (TE) polarized Gaussian
pulse of 1.55 um central wavelength and 200 nmtsgdewidth. The distribution of the
injected energy was evaluated in the possible auwthannels i) transmission, ii) reflection,
iii) out-of-plane scattering, and iv) absorptiorhrée different scenarios were simulated for
various absorber geometries: i) single wave speaxdtthe absorbers, where a Gaussian pulse
was launched only from one side into the waveguiijlespectra in the off-state (maximum
absorption) of a switch/modulator where two, at plesition of the antennas constructively
interfering Gaussian pluses were launched fromofhiosite ends of the waveguide and iii)
spectra in the on-state of a switch/modulator (minin absorption) where two, at the position
of the antennas destructively interfering Gausgiluses were launched from the opposite
ends of the waveguide. Destructive interference acdgeved by shifting the start position of
one of the Gaussian pulsest®. The SOl waveguide is surrounded by Sihich was
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Fig. 2. Optimization of length and number of an@srfor a) gold and c)
aluminium antennas by minimizing transmission fosiagle wave X = 1.55
pm, TE-polarization). The spectra of the optimumfurations are given in b)
for the gold trimer and in d) for the aluminium éimThe inset in b) shows the
exited plamon resonance mode for the gold trimer.

modeled with a constant refractive index of 1.46eTmaterial properties of the silicon
waveguides and the metal antennas are based oalthes given by Palik [30].

3. Results

Figure 2a) and c) show the optimization of the mngelength and the number of antennas in a
single row by minimizing transmission for a singlave at the design wavelength of 1.55 um
for gold and aluminium antennas, respectively. Wigth of the antennas of 40 nm and the
thickness of the metallic layer of 25 nm were h&ddstant. The antenna(s) were centered on
the waveguide. If more than one antenna is usedatttennas were spaced by 40 nm. By
employing more than one antenna, the interactidgh thie guided mode is increased, as more
of the waveguide width is covered. The shift of tptimum resonance length from 110 nm
for a single gold antenna to 105 nm for a gold érinis a result of capacitive coupling between
nanoantennas. For gold antennas, the optimum agafign was found to be three antennas
(trimer) of 105 nm length, with a transmission eld5% for a single wave. Fig 2b) gives
the corresponding spectra for this optimized gatdcsure and the inset shows the electric
field (Ex component) profile of the plasmon resonance. Talpic the fields within the
antennas decay in less than 20 fs, thus not pasiyglimit to the switching speed of the
device. The optimum length of aluminum antennauxat a larger length than their gold
counterparts. The optimum configuration in aluminwas found to be a dimer composed of
two antennas of 160 nm length. The performancehefaluminum antennas is otherwise
comparable with gold antennas (Fig. 2c and d).
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Fig. 3. Transmission, absorption and scatteringifiberent numbers of rows of
gold trimers if the rows are in a) maximum node&$tate) and c) in minimum
nodes (on-state) of the standing wake=(1.55 um, TE). Spectra of the best
configuration, consisting of three trimer rows (@& by 0.35 pm) for the off-
and the on-state are given in b) and d), respdgtiVee inset in b) shows the
electric field profile of the plasmon resonancéhia off-state, while the inset in
d) depicts the simulated structure. In the offestétie transmission drops below
3% (< -15 dB) for the design wavelength. In thestate, losses are below 1%.

To increase absorption, additional rows of antemma® introduced into the design. Here
we consider the standing wave configuration asilkegtrated in Fig. 1. By choosing the row
spacing corresponding to the node spacing of tadsig wave at the design wavelength, all
rows are either in maximum (off-state) or in minimon-state) nodes of the standing wave.
Figure 3 compares the performance of gold absoffberdifferent numbers of trimer rows in
the off-state (a) and the on-state (c) for 1.55 um. The row spacing for both graphs is 0.35
pm. By adding a second and a third trimer row, giigmn in the off-state increases. For the
optimum configuration of three rows of trimers, thgectra in the off- and the on-state are
plotted in Fig. 3b) and d), respectively. At= 1.55 pm, transmission drops below 3% or -15
dB in the off-state, while transmission in the dats exceeds 99%. The bandwidth of the
device covers the telecommunications C-band (1.8 -pl1.565 um) with less than 4%
transmission in the off-state and still better t98f% in the on-state.

Because of the geometry involving counterpropagatie@ams in a single optical mode, it
is not possible to separate coherent reflectiomfripansmission in the standing wave
configuration. Therefore, reflection from the sture adds to the overall transmission of the
coherent absorber device. However, the transmissitre off-state of the three-row structure
is substantially lower than the reflection fromiagée row of trimers in Fig. 2b), indicating
that coherent reflection losses are suppresse@iing wave configurations by interference
of the different - reflected and transmitted — cdmitions in the composite device. This
important property shows the CPA characteristicghef multiple row device, where the
overall performance depends critically on the mLitntarferences between the coupled
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Fig. 4. a) Off-state spectra with doubled row spgadompared to Fig. 3b). b)
on- and off-state transmission for different nunshefrgold trimer rows as
function of the width of the nanoantennas. Thetishews the electric field
profile of the higher order plasmon mode, whicteisponsible for the dip in the
on-state transmissions for 130 nm wide antennaes ofkstate transmission for
three and four rows are not shown, as they quiaktgtidentical with the other
on-state curves for the range of interest (wid80am).

antennas [27]. Remarkably, the performance in B&).is reduced by adding a fourth and a
fifth absorber row to the device.

The increased transmission in the off-state caattvibuted to the fact that the intensity
decrease of the two counterpropagating waves treemultiple absorber structure results in a
deviation from a perfect standing wave in the albsoregion, which subsequently degrades
the device performance. It is noteworthy that thminoum row spacing for minimum
transmission in the off-state and maximum transioiss the on-state are not identical. Due
do the strong coupling of the guided light with theasmon absorbers in the off-state, the
optical length of the waveguide slightly changésistinfluencing the optimum row spacing.
In the simulations it was found that the optimurw repacing for minimum transmission in
the off-state is 350 nm, while the optimum row spgdor maximum transmission in the on-
state is around 390 nm. Since simulation resulté g§hown here) revealed that deviations
from the optimum row spacing in the off-state haawemuch stronger impact on the
performance than deviations from the optimum indhestate, the row spacing was set to 350
nm.

For the results in Fig. 3, the absorber rows wégseqal in adjacent nodes in the standing
wave, approximately 350 nm spaced. However, as Bmall rows are in minimum or
maximum nodes, even if not in adjacent ones, sirdiéwice behavior can be expected. In Fig.
4a) the off-state spectra for a device with 700rom spacing are given as comparison to Fig
3b). Interestingly, the amount of scattering issidarably larger for the 700 nm spacing. By
increasing the row spacing, the absorber rows becamiffractive grating with pronounced
out-of-plane diffraction, which contributes in themerical model to the scattering channel.
Thus, by tuning the spacing of the rows, it is gaesto move from an absorption-dominated
device to a strongly diffracting device.

To achieve CPA, the absorption “strength” of theudure needs to be balanced. If
absorption strength becomes too strong, as was eadier by adding a fourth and fifth
absorber row, the performance of the device startiecrease. In addition to the number of
rows, the absorption strength of each individua man be tailored by adjusting the volume
of the antennas in which they interact with thendilag wave. This gives an additional degree
of freedom for the design of such a device, whitamalyzed in Fig. 4 b). The interaction



volume of the antennas is hereby adjusted by chgntie width of the antennas. The plot
shows that for a single row, off-state transmisgiecreases with increasing antenna width.
However, regardless of the antenna width, the mainabsorption strength for a single row
is limited, thus transmission reaching a plateawiad 45 %. A similar picture can be found
for the two row absorber. Sufficient absorptionmatrbe achieved with a two row absorber of
any antenna width. Thus, transmission reachestagulaagain, even if much lower than for
the one row absorber. This picture changes if theoibing structure is composed of more
than two rows. For small antenna widths, transmissiecreases for multi-row absorbers if
the width is increased. Then an optimum antennahwiil reached, which depends on the
number of the rows (e.g. 40 nm for three rows ahad for four rows), before an additional
increase in width, i.e. absorber strength, leadartdncrease in transmission. The on-state
transmissions are almost stable for antenna wigbh® 60 nm. This is valid for all number of
rows. Then, the antennas become too wide andtstgmtnetrate outside the regions of low
energy density of the standing wave. For 130 nmewadtennas, on-state transmission is
further suppressed by coupling to a higher-ordedenaf the structure, illustrated by the near-
field map in the inset.

Other applications for plasmonic antennas on waideguinclude the increase of non-
linear effects or other effects that can be in@ddsy the field enhancement of the antennas.
Simulations revealed that the effective awka for cladding non-linearity, as defined in
reference [31], is two orders of magnitude smahethe region where waveguide is loaded
with gold trimers. The electric field between theemnas is strongly enhanced and more than
an order of magnitude larger than in the centerthef single-mode waveguide without
antennas (cf. Fig. 2b). This enhancement may hatefest for applications such as optical
sensing using the waveguide to efficiently integfdight with the plasmonic nanostructure.
The combination of CPA and near field enhancemanotical sensing lies beyond the scope
of current work and will be addressed in futuredsts.

3. Modulator and all-optical switch concept

In principle, the device presented in Fig. 1 canused as an all-optical switch with an
extremely compact footprint. The length of the sWitvould be the length of the absorber
structure (< 1um for an absorber with three rowwever, this design bears the difficulty
that the outgoing light travels in the same wavedguas the incoming light. For separation of
incoming and outgoing light into different wavegesg one would have to rely on optical
circulators [32], which would unnecessarily comatiethe device design.

Therefore, we propose to integrate the CPA stracturthe middle of an evanescent X-
coupler, as depicted in Fig. 5a). Evanescent cosigiee well known elements in integrated
optics, where the overlap of the evanescent tad gfiided mode in one waveguide with an
adjacent waveguide induces a power transfer betwrenwaveguides. If the length of the
coupling region is chosen correctly, typically avfeen micrometers for SOl waveguides, a
100% power transfer can be achieved, generatirgaalded X-coupler, where injected light
always leaves at the diagonal port. If two countgppgating waves are inserted in into the X-
coupler, they will form a standing wave in the maldection of both waveguides of the X-
coupler, where 50% of each individual wave is tfamsd to the adjacent waveguide. By
placing identical absorbers on both waveguideshef X-coupler, this device will behave
identically as the device given in Fig. 1, with ttiéerence that the transmitted light will be
output in a different waveguide. Since the coupligrggth of the coupler is much larger than
the width of the absorber, the positioning of thesaber along the coupler is not of vital
importance.



Fig. 5. Proposed device concepts for a) an aleapsiwitch and b) a modulator
employing antennas on top of the waveguides asrenohabsorbers in the
middle section of evanescent X-coupler, where traition of two
counterpropagating waves of same amplitude idlifdfiocally. In b) an
electro-optic or thermo-optic actuator for the miatlor is indicated.

a) off-state spectra (X-coupler) b) switching characteristic (X-coupler)
! ! on-state transmission: 98.9 %

08

08 losses < 0.05dB
e . e

off-state transmission: 0.3%

207 507 e o &
F] = extinction ratio > 25dB [§H
206 © 0.6 s
s I [
2 05 = 0.5
I &
g; 0.4 Transmission ] 0.4 Transmission
E 0.3 o Reflection E. 0.3 M Reflection

w M Scattering

0.2 M Scattering 0.2

0.1 W Absorption 0.1 W Absorption

146 148 150 152 155 157 160 1.62 165 0 n/7 /7 3n/7  4nf7  5n/7  6n/7 e
Wavelength (um) Phase difference

Fig. 6. a) off-state spectra of X-coupler with galssorbers (three trimer rows)
on each waveguide fér= 1.55 pm. The inset shows the simulated struchjre
The switching characteristic of the X-coupler swipierfectly follows the
expected sinusoidal curve. The performance figaresndicated in the graph.

Simulation results for an X-coupler with three rogfggold trimer antennas are presented
in Fig. 6. The two 11.6 pm long parallel waveguidéshe X-coupler are spaced by a 200 nm
gap. The off-state spectra of this device is shamwrig. 6a), while Fig. 6b) gives the
switching characteristic, which perfectly followiset expected sinusoidal characteristic. The
complete device shows very small losses in thetateof roughly 1% or less than 0.05 dB.
The extinction ratio, i.e. the ratio between ortestand off-state transmission, was calculated

to be larger than 25 dB.

This concept can be further developed into a madukstructure, by feeding both inputs
of the all-optical switch from the same sourcepeasposed in Fig. 5b). By shifting the phase

of one of the two inputs by, e.g. by a thermo-optic or electro-optic eleméme, modulator
can be switched into the on- or the off-state.



Despite certain similarities with the Mach-Zehnd#erferometer (MZIl) modulator, the
proposed modulator has different output charadtesisEssentially, in an MZI modulator, the
propagating light can only be routed from one ottimuthe other. In the proposed CPA
modulator both outputs are switched on or off stamngously. This is fundamentally different
from MZI modulators, as the light in the off-statenot simply rerouted but converted into
heat, thus taking it out of the optical circuit gmetventing it from further propagation in the
device as unwanted, unguided stray light, whichdegrade device performance.

4, Conclusion

We proposed to utilize of losses in resonant plasmstructures to induce coherent perfect
absorption (CPA) in waveguide structures. CPA carelmployed for integrated, waveguide-
based modulators and all-optical switches. Concieptthese devices were given, where the
absorbers are integrated in an evanescent X-colgileFDTD simulations of these devices
loaded with three rows of gold trimer antennasamdf silicon waveguides revealed off-state
transmissions of only 0.3%, while maintaining altnlassless transmission (~99%) in the on-
state § = 1.55 um, TE-polarization). This correspondsnceatinction ratio of more than 25
dB. The calculated absorbers have a length of @4 nm and show a flat and broadband
spectral characteristic throughout telecommunicaliands. As the absorption in the antennas
takes place in less than 20 fs, no restrictioméoswitching speed of the devices is expected.

The proposed modulator and all-optical switch caind f applications in
telecommunication applications and in coherent pdte/ as well as in sensing or in
increasing nonlinear effects. The large absorptibthe multi row antenna device means that
light can be efficiently removed from the opticalcait. In a static configuration, the CPA
device concept can thus be exploited as an effiddeam dump, or in combination with a
Schottky diode, as an on-chip plasmonic photodetd88]. While the current studies did not
specifically consider the device stability undeofgabsorption, an area of potential interest is
the possibility to achieve nonlinear and/or bistatbévices [34] exploiting the combination of
CPA, plasmonic local field enhancement and higlolgalized photoabsorption around the
metal nanostructures. Such an intrinsically noim@PA device might ultimately remove the
need for an external phase shifter in the abovegdgs opening up new avenues for
ultracompact integrated photonic circuits.
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