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Background

High speed chip-to-chip interconnects are essemtialthe realization of latest high-speed
computing devices and ultra-compact system-in-&age solutions [1]. They are needed to
further leverage products such as computers, magihitmnes, HDTV, cameras etc. [2]. High
speed I/Os with lowest power consumption can bdizexh by means of light and optical
interconnects, which so far has shown to be capafbémcoding up to 26 Thit/s of data onto a
single laser [3]. However, chip-to-chip optical @rdonnection requires high speed optical
transceivers monolithically integrated on electeol@s, which can convert digital information
from electrical domain to optical domain and viesa. Such transceivers should be compact,
offer large bandwidth and consume little power idev to be economically and technologically
efficient.

System in Package
Traditional System (SIP)

Figure 1 System in a Package (SiP) comprising a CRUser logic and memory.

The NAVOLCHI project aims in developing of futurgtecal interconnects with high speed,
ultra-compact and low power consumption propertlasthe NAVOLCHI’s interconnection
approach, the area devoted to the physical layeth@foptical interconnects is reduced by
making use of the plasmonic devices which give ssitality to overcome the diffraction limit of
the light, thus confining and manipulating lightutra-compact dimensions.

Chip 2

gect o

Figure 2 Interconnection of two CMOS chips with plamonic lasers, photodetectors, fibres, amplifiersral
drivers can be seen.
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The entire interconnection architecture of the NAMIBI is depicted in Figure 2. Infrared light

generated in plasmonic nano-lasers bonded on CM@$ aouples to the passive low loss
silicon waveguide which serve as a passive linkragnarious plasmonic devices. Light guided
through silicon nanowire is coupled to plasmonicdoiator where the information is converted
from electrical domain to optical domain. After thlesmonic modulator light is coupled out of
the chip into the photonic wire bond by means @fralttion gratings. Above described devices
all together make one part of the plasmonic physager - plasmonic transmitter. Plasmonic
receiver consists of the plasmonic photodetectoectly connected to the electronic receiver.
Ultra-compact footprints of the plasmonic devicesg possibility of integrating many parallel

physical optical links, therefore, increasing tlagadtraffic between two chips.

Two modulator structures have been studied in NAZBL - namely the surface plasmon
polariton absorption modulator [4], where the isignof SPP is directly modulated by plasma
effect in metal oxide, and surface plasmon polarpbase modulator [5], where the phase of
SPP is modulated making use of the Pockel's eftest,Figure 3.

a i
(a) G (b) B l —

Signal | r

== /;-7 il

ff‘” Electric Field

Poynting Vector
Ag | (s
~ Si0s

g i IO

Ag
3\62
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CW at 1.55um

Figure 3 Plasmonic modulator approaches engaged lNAVOLCHI. (a) Surface plasmon polariton
absorption modulator [4] and (b) plasmonic phase mdulator[5].

Here are the requirements of the plasmonic modwdatobe design:

Table 1 The requirements on the plasmonic modulater

Operation wavelength 1.55.um Insertion loss < 20dB

Total length < 50um Data rate 7.2Gb/s

Maximum voltage 4.5, Latency <8.8 ns

Silicon compatibility yes Electrica_l energy ~15 pJ/bit
consumption

Here, we discuss the theoretical modelling of thesmonic modulator and its interface with
silicon photonics. Particularly, we describe themsenumerical and numerical methods used for
optimization and estimation of the figure of mefiés various modulator structures. Important
characteristics, such as modulation index, footpruiriving voltage, optimum operation
wavelength range, bandwidth, insertion loss as aglits integration with silicon photonics, are
discussed.
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1. General Modelling

Below we briefly describe semi numerical models aihihave been developed for quick
estimation of the performance of the plasmonic ceiwithout running power and time hungry
complicated full vectorial numerical simulationsckuas FDTD or FEM. First we describe the
derivation of the dispersion relation of arbitrarymber of multilayer structure and then we
show how the Poisson equation is solved numerictily the surface plasmon polariton
absorption modulator.

1.1 Dispersion Relation for Multilayer Slab Structure

In order to study various configurations of plasmatevices we developed a numerical model
which calculates the dispersion relation of SPRBrbitrary multilayer slab structure. The model
is implemented in Matlab and is similar to the oegorted in [6]. Assuming N dielectric layers
are stacked along thedirections and are homogenous alon@nd z axis, we can employ
Maxwell's equation to derive the scalar wave equmatn each layer for the transverse magnetic
(TM) polarized light

0°H"(X) |

a—)Z2+ (kOZEn_ﬁz)Hy(X):O (1)
where we have assumed thHr,t) =H (x, y)¢'“#? time andz dependence of monochromatic
light, where Sis the wave vector along the propagation directienthe propagation constant,
&.is the dielectric permittivity of theth layer, k, = «j/cis the wave vector of light in vacuum.

Additionally, we have used the fact that for the T&enmodes of interest it holds that
Hy =0,H] =0 as well asdH (x, y)/dy = 0.

X

A
n=N
XN-1
n=N-1
XN-2 o
[
[ )
X
x3 n=3
2 n=2
X1=0 >
n=1 z

Figure 4 Geometrical structure of the multilayer shb waveguide. Layer n=1 and n=N extend to minus and
plus infinity, respectively. Layers n=2...N-1 haveertain thicknesses of x- Xn.1.

The solution of the scalar wave equation (1) irhdager can be given in the form
- + o kg (X=%4) - AIKE (X=%q4)
Hy()=Hye ™ +Hye (2
where k}'is the wave vector along theaxis, H)" and H)™ are amplitude magnetic field of the

waves propagating along positive and negative times of x-axis respectively. Substituting the
Ansatz (2) into the scalar wave equation (1) trans¥ component of wave vector can be given

as k? =,/kle, - 7 . In addition the amplitudes of the magnetic figldeach layer is connected
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to the amplitudes of in the neighbouring layersimans of boundary conditions for electric and
magnetic fields at the interfaces, which resultggio

H)I/Hl :1|:1 £n+1/kn+1 :||: 1 1 :|
H)I/Hl 2 1 _£n+1/kn+1 kn/‘gn _kn/gn

. . ®)
){mmemﬁx—&ﬂ» 0 }Hy
0 exp(ik, &, =%, )| Hy"
As a result the magnetic field amplitudes in Nyelacan be expressed by the amplitudes of the
field in n=1 layer.
H N+ M M H 1+
),/\‘_ — 11 12 ){_ (4)
Hy M,, M, |l Hy

Guided modes are characterized by the propertytiigae is no light falling onto the structure
from plus and minus infinity i.e.Hi+ =0 and Hf,“‘ =0. These equalities fulfill only

whenM,, =0. The set of / and w in which cases the latter equality fulfills defirlee

dispersion relation of the eigenmodes in the gfmect The dispersion relation is found by
numerically finding the set off for the givenw in which case M=0. Typical dispersion
relation of the metal-insulator-metal structuregisen in Figure 6 by means of real and
imaginary parts of the propagation constgnt

1.2Thomas Fermi Screening

When conductive materials such as highly doped samductors or metal flms are brought
under the static electric field the charge accutianalayer is formed at the interface of the
conductor because of the well-known screening effeontrolling such a charge density at the
metal interface by the applied electric field hase previously used for the modulation of
surface plasmon polaritons [4,7-8]. For a propénegion of this effect we employ the Thomas-
Fermi screening method described in [4]. Havingntbalready the free carrier density at the
accumulation layer, the complex dielectric permityi of the conductor which is under the
external electric field can be modelled via the d@unodel.

The Poisson equation relates the electric potemfig) to the induced charge density(y)
within the conductor layer

e(N,(y) ~Ny)
- (5)

Ag(y) =

r

Here, e is the elementary charge, is the vacuum permittivity,£, is the relative static

permittivity of the conductor, arldl, is the bulk free carrier density of the conducEmllowing
the Thomas-Fermi approach the total free carriasitfeand the potential are related by

37\ h?

where the Fermi energy is defined as

32
N, (y) = i(%} (E; +ep(y))*” (6)
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In the latter expressidn is Planck’s constant ant, the electron effective mass. We

numerically solve Eq. (5) with Eq. (6)(7) for the conductor interface using mixed bougda
conditions, that is, for the given gradient of &liecpotential outside of the conductor and zero
electric potential inside the conductor far awaynirthe interface.

2. Plasmonic Modulator Approaches

Here we discuss two modulator approaches, namelgctdamplitude modulation employing
surface plasmon polariton absorption modulator][4d phase modulation with plasmonic
phase modulator [5].

2.1 Surface plasmon polariton absorption modulator

Surface plasmon polariton absorption modulator dewce where the absorption coefficient of
surface plasmon polariton (SPP) is modulated byxernally applied voltage. The essential
parts of the SPPAM are highly conductive metal taye.g. Au, Ag) and middle active section
consisting of metal oxide (Indium Tin Oxide) andgfnidielectric strength insulator (SICHfO)
layers, see Figure 5. Such a structure sustaingdyhgpnfined SPP mode, which represents
strong optical field confinement in ultrathin metakide layer [4,7]. Consequently, the
dispersion relation of the SPP is predominantlysgme towards the optical properties of ITO
thin film, particularly to its free carrier densityhe voltage applied between the two electrodes
induces charge accumulation layer in ITO as depidte Figure 5(c). As a result, the free
electron density of ITO is modified by the applieditage which results in a change of the
absorption coefficient of SPP.

(@) (b) L, (©

VA VA YA
o
H & o .
e metal (Ag) &, g b €
dielectric dielectric ¢, e é
thickness (SiOz,SizNy) 3 2 N C@
ITO height h{ metal oxide (ITO) ¢, e £ B e
0 , metal (Ag) & 8 -~
propagation & ® =
x4 direction Z i€| .{V (¥

Figure 5 Plasmonic structure with metal/dielectrichmetal-oxide/metal layers. (a) Geometry and (b) diettric
permittivity distribution. The H,component of the SPP magnetic field is schematicaléhown as a contour

filled with reddish colour in (a). The SPP propagags along the positive-direction. (c) Carrier density
distributions N, (y) in both electrodes [4].

Typical dispersion relation of SPP at the SPPAMawmtad from the above described method is
given in Figure 6. For the sake of this example ghapagation constant and SPP absorption
coefficients for the Ag/ITO(8nm)/@4(70nm)/Ag structure are given for two different dre
carrier densities of ITO. It can be seen that slatange of the free carrier density of ITO results
in significant modulation of SPP absorption coedint.
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Figure 6 Dispersion relation of SPP guided by the g/ ITO(8nm) / SkN4(70nm) / Ag layer stack. Both,
propagation constant and absorption coefficient chage when the carrier density of ITO is increased b¥ %
(red lines). As opposed to the propagation constattie absorption coefficient varies significantly wih ITO
carrier density.

To estimate the performance of the various conéitjomns of the SPPAMs we have used the
combination of the dispersion relation (Section.)ldahd the accumulation layer (Section 1.2)
solvers. In Figure 7, we give the structures whelre been considered as possible candidates
for the SPPAM.

(a) (b)

H
a metal (Ag) &,

\* oo

Semiconductor (Si) &,

dielectric &;
metal oxide (ITO) &,
metal (Ag) &

dielectric thickness  d dielectric &, Semiconductor thickness H;

dielectric thickness d
ITO height  h{ metal oxide (ITO) &, ITO height h
0

metal (Ag) &

—_—
propagation
direction Z y

‘ propagation
direction

A 'N

Yo

Figure 7 The SPPAM geometrical structure studied ilNAVOLCHI. The SPPAM approach reported
comprising metal / metal-oxide / dielectric / metalayers (a) and metal / semiconductor / metal-oxide
dielectric / metal layers (b), respectively.

Structure depicted in Figure 7(a) is the converstiddPPAM comprising two silver electrodes,
high dielectric strength insulator ( SIOHfO ) and Indium Tin Oxide as an active layer. [fhe
structure has the advantages that it is potentfaflg from carrier-related speed limitations.
Moreover, the entire voltage drop is mainly acrtiss insulator layer which increases the
electron density in the accumulation layer formedhe metal oxide layer. However, it is very
challenging to excite the SPPs in structures vétatively small insulator thicknesséds

Structure depicted in Figure 7(b) is similar to thee reported in [7], however, with second
silver electrode brought into contact with semiaaetdr. The voltage drop in this structure is
across the semiconductor and insulator resultingher reduced accumulation layer at ITO
interface for the givenl (comparing to the first approach). However, beeaasemiconductor
based SPPAM can be fabricated with ultrathin intsulthicknesses, the accumulation layer can
still be enhanced comparing to the first approdth Moreover, it has been demonstrated
previously that the SPP at such a structure caniegifly be excited using the conventional
silicon nanowire photonic mode [7].

Here we compare the semiconductor based structers,Figure 7(b), with the metal based
structure reported previously, see Figure 7(a)\|¥. again define figure of merit of the structure
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FoM = e (8)

dB
where thel, is the propagation length of SPP ahg; is the length necessary for having an

extinction ratio of 1dB for the given 4.3yvoltage. The larger the FoM, the better the
performance of the modulator is, i.e. the lower ph@pagation losses are for a 1 dB extinction
ratio and an applied on-voltage of 4.5,MOverall the report the silicon thickneds;is assumed
to be 220nm.

1.2 -------------------------- T T T T T T T 30
—=—h=5nm = 20Fh=5nm
1.0F ——h=7.5nm|] E 125
2 o %
- 08} ] 518 20
2 < @
= 0.6} - I 1154
s 9 o
S 04f 1 2 j10E
S 5 &
—— > B
0.2} — 2 e is £
(a) T (b)
0.0 1 1 1 1 1 1 1 0 1 -/I’ 1 1 1 1 1 0
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16
Thickness d [nm] Thickness d [nm]

Figure 8 Characteristic quantities of semiconductobased SPPAM. The figure of merit for various silion
dioxide and ITO thicknesses (a) and 1dB device letigand insertion loss for 5nm of ITO thickness

It has been found that the figure of merit for gsmiconductor based SPPAM is significantly
larger than the one of the pure metal based SPR}pdrted in [4]. As a result, in Figure 7(b) we
give the device lengthkg providing 1dB extinction ratio for the 4.5Yapplied voltage as well
as the insertion loss of the device. It can be $kahmicrometer scale device can be designed
with relatively low insertion loss making use oétbemiconductor based SPPAM approach.

Hafnium oxide (HfO) which is well known insulatoraterial in semiconductor industry has also
been considered as alternative to silicon dioxide.

2.2 Surface plasmon polariton phase modulator

SPP based phase modulator can be designed maldngf nsetal-insulator-metal structure and
replacing passive insulator layer with linear aleaptically active nonlinear optical (NLO)
material. Externally applied static electric fidig,: changes the refractive index of the NLO
material, thus changing the phase of the SPP nsmeFigure 9. The refractive index change
happening in the nonlinear material can be givel®las
1 1 U
An= E r33n:l;\lLO Estat = E rspsNLoE (9)

where r,, and ny, are the linear electro-optic coefficient and tledractive index of the
nonlinear materialE,,, is the strength of the static electric field. TogdiNLO materials studied
in NAVOLCHI are electro-optic polymers with a typicrefractive indexn,, of 1.6 and 1.7.

Such NLO material can be synthesised with relagiVetge nonlinear coefficient thus ensuring
the ultra-compact size of the device as well adlsinaing voltage [10].
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Material Refractive indexn Linear electro-optic coefficient,
Polymer 1 [10] 1.7 70pm/V
Polymer 2 [11] 1.6 70pm/V

® Metal

U+ ‘EstaFU/d NLO 1 d
material
P Metal

Figure 9 Geometry of the plasmonic phase modulatingomprising linear electro-optically active materid
sandwiched between two metals

Dispersion relations of the even SPP mode at n@tgl — polymer (Ro = 1.6) — metal (Ag)
structure is depicted in Figure 5. For the sak#isfexample, the thickness of the polymer layer
is assumed to bd =30nm. The normal component of the electric fialtl the transverse
component of the magnetic field of the fundameptadn SPP mode are given as insets in the
Figure 10. It can be seen that the most of thel figlconfined inside the active region of the
device. This ensures light - nonlinear polymer regrainteraction. The change occurring in both
real and imaginary parts of the propagation cotgfaran be seen whdd = 4.5, voltage is
applied on the structure. The significant changaumin relatively high frequency range which
is a result of low group velocities of SPP in tf&guency range. However, because of the
limitation on the plasmonic laser operation wavgtbn the plasmonic phase modulator is
designed for the operation in 193.5THz frequencictvicorresponds to the 1% wavelength,
where the plasmonic laser is proved to operate avellsilicon is well transparent.

700;— (a) - 700;— ——OFF (b) 1
__ 600} 1 _ oo Y=45Y, ]
E L ] E L
E, 500t i1 E, 500 9
2 ; ] = ;

c 400F 9 i 2 400t ]
o b | {1 o C
S 300¢ | ] & 300} ]
° l S
i o | ] [
200 :- | | - 200 - , B 1
r -100 0 100 200 x 7 N -100 0 100 200 %
100 L i A i i A 1 f 1] 100 L A 1 i 1
5 10 15 20 25 30 35 1;10 45 0.10 0.15 0.20 0.25
Propagation Constant g [um ] Absorption Coefficient a [pm'1]

Figure 10 (a) The propagation constantRe(8) and the absorption coefficient2 Im(Z3) for the silver — polymer

- silver structure in Off and On (U = 4.5 V[,;) cases and for thel = 30nm. The normal component of the
electrical field and the transverse component of ngnetic field profiles in the structure are given asnsets in
(a) and (b), respectively.
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In order to compare various structures we defire ftgure of merit as a ratio of the SPP
propagation lengtHh., over the lengthL, necessary for accumulating a phase shifzatlative

to the voltage off state:
FoM = % (20)

the larger FoM, the shortdr, and the longel, are i.e. the smaller the device footprint and the
insertion losses are.

The first decision that has to be made on the nadultructure is the material system which
has to be used, that is the choice on the metetreties as well as on the nonlinear polymer. We
have assumed commercially available NLO polymef jfith a refractive index of 1.6 and 1.7.
The high conductivity of the metal electrodes easuhe potentially high speed characteristics
of the device. Therefore, the choice of the metdy depends on technological aspects as well as
on their optical losses. It is well known that sih\has the highest conductivity and thus the least
optical losses, consequently, the structure empipgilver electrodes result in a higher figure of
merits, see Figure 11. Increasing the refractigexnof the insulator — in this case of the polymer
- the characteristic surface plasmon frequency aieduresulting in lower group velocity, thus
resulting in reduction of thé, via enhancement of light-matter interaction.

1-6 0-5 LA R R AL L DAL AL R AL DL L AL RN DL AL LA B BB LA
(b) Gold ]

1.4 - Nneo = 1.7
' 0.4} ]
5 5 04 .
—|m 1.2 _|w [ Nno = 1.6 ]
Il ] 0.3 3 ]
Z 10 = i ]
(I8 L 0.2 | ]
0.8 T ]
.6 1 1 1 1 1 1 ] 0_1.....|....|....|....|....|....|..

100 200 300 400 500 600 700 100 200 300 400 500 600 70

Frequency [THz] Frequency [THz]

Figure 11 The comparison of the FoMs of the metalpolymer - metal structure for various metals and
nonlinear polymer refractive indices. The polymer leight d has assumed to be 30nm. Applied voltage across
the device is U = 4.5),

Even though the silver electrodes provide muchelafgyure of merit, gold is considered to be
still good electrodes for the plasmonic phase nmatdulbecause of its very important advantages
such as no oxidation, stable properties as wajbasl quality of the deposited layers.
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Figure 12 Figure of merits of the device for varios nonlinear material sized and for ny o = 1.6 and ny o= 1.7
refractive indices. In the calculation applied volage is assumed to be 4.5,y Silver electrodes has been
considered.

Another important property in modulator designhe active area siz#height. For the sake of
the above examples, it has been assumed that fragroheight is 30nm. However, fabrication
of such thin films as well as excitation of the SRRBuch a dimensions are rather challenging,
therefore, the possibility of the larger activeaasize should be considered. Below, we show the
figure of merit calculated for the various polynimeights for the case of both silver and gold.

In summary, we can conclude that the performance¢hefdevice strongly depends on the
polymer thicknessl especially in the range of the small values andratgs while increasing the

thicknessd. Because of the technological challenges in fabdoaprocess, the polymer

thickness below 50nm are ignored and the focushlea®m paid more on the relatively large
polymer thickness i.e. above 50nm.

Below we show the overall device length and thaltmisertion loss (not including the coupling
losses) for various polymer thicknessksThe polymer is assumed to have refractive index o
1.7 and linear electro optic coefficient of 70pm./

100 . ' . . . r - —
 Silver = 110 10 138

—_ [ "
E 8of m E s8of =
-:,3 [ 1 = = 130 a
-~ I i (7]
o 60} 13 9 B eof 2
o [ - |
- [ P 9 1252
g 40 S o 40f S
L . 16 t L t
> g 2 3 o
Q 20} £ o 2} 1202

0 L 1 1 1 1 1 1 -4 . , ,

20 40 60 80 100 120 140 160 0

1 1 1 15
20 40 60 80 100 120 140 160

Thickness d [nm] Thickness d [nm]

Figure 13 Device length and the insertion loss fahe operating voltage of 4.5},. Polymer is assumed to have
a refractive index of 1.7 and nonlinear coefficienbf 70pm/V. The electrodes have been assumed to(bg
silver and (b) gold.

Confidential document — page 15



FP7-1CT-2011-7 Deliverable Report
Project-N0.288869 Last update 10/31/2012

NAVOLCHI - D3.2 Version 2

3. Decision on Plasmonic Modulator

Two decisions have been made concerning to thenplais modulator:

1. The plasmonic phase modulator approach is prefeved the SPPAM reported in [4]
and given in Figure 14, because of its relativakgé figure of merit and easy coupling
structure. The decision is also supported by thetfat the plasmonic phase modulator is
relatively easier to fabricate comparing to theospon modulator [4]. Below we give
the possible approach for fabricating plasmonicsphraodulator.

= Oxidation

It:a_. — ~— |

|
Fahrication

Figure 14 Process flow for fabrication of the plasmnic phase modulator

é4 Silver
liver

2. Additional efforts will be spent on optimization t¢iie semiconductor based 3D real
SPPAM and its coupling to silicon nanowire waveguid
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4. 3D Phase Modulator Design

Here, we discuss vertical slot type structure wherm@ metal sheets are brought close to each
other forming nanoscale gap in between, formingated plasmonic vertical slot waveguide,
see Figure 15. Such a plasmonic vertical slot wanegis the 3D equivalent of the device
depicted in Figure 9. Such a structure sustainR ®Bde confined not only horizontally across
the slot, but also vertically. Typical mode profile the structure is given in Figure 15. In
addition to above calculations, we cross checkedrésults obtained for 2D slab structure by
making full vectorial FEM mode analyses with COMS®MLultyphysics.

UDP

o
Nonlinear
Polymer

metal [

Figure 15 Real 3D plasmonic phase modulator and theptical mode confined in the polymer slot.

The figure of merit as well as the latency for r8Bl device are given below for the polymer
refractive index of 1.7 and for various plasmornat s/idth wyap and metal thickness ofjap.

0.8 — 8 ——™—m——————
——h__=50nm (b)
. 06 é 6l | Nyw= 100nm ]
- o | h__ =150nm
~ > slab
Jd) 2 :E L
n 04 > 4}
= [ o [
| 5
0.2 4 2F .
0.0 [ 1 1 1 A 0’ 1 1 1
20 40 60 80 100 20 40 60 80 100
Slot Width W [nm] Slot Width W [nm]

Figure 16 Figure of merit of the real 3D modulator(a) and the latency of the device with a length of
Ln(b). The polymer with a refractive index of 1.7 and theapplied voltage of 4.5Vpp are taken.

For the real 3D modulator, smaller figure of mehitsre been found comparing to the slab type.
The reason is the reduction in the optical fieldfsement inside active region, while reducing
the thickness of the metal electrodes. The laty ean be seen in Figure 16(a). Latency has
been calculated as the time that the pulse witerdral wavelength of 1.%%n takes to travel
through the length.
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It can be seen from Figure 16, that the modulatovides its best performance for the metal
thicknesses larger than 100nm and for the slotls&t@w 80nm. The possibility of the slot size
smaller than 50nm is being omitted because ofdbadation limitation.

5. Photonic — Plasmonic Interface Development

Efficient couplers are necessary which will provigteod coupling between the low loss silicon
nanowire waveguide and the plasmonic vertical wiateguide, see Figure 17. Moreover, from
the above calculations it can be seen that thedigfi merit of the phase modulator increases
with reducing the size of the plasmonic slot. Sagbressive downscaling of the plasmonic slot
makes the SPP excitation even more challengingusecaf the strong dimension mismatch
between silicon nanowire and plasmonic slot waveggli

@ <—500nm—> (b) On

50nm
ﬁ: IH

i e e i ] e e e e rl

Silica Silica

Figure 17 Typical waveguides used in (a) silicon plionics and (b) in active plasmonics.

5.1 Tapered Couplers

The most promising approach to couple light fronsilecon nanowire to a plasmonic slot
waveguide is the tapered metallic coupling configgon which provides very large and
broadband coupling efficiency [12]. In such a cinglscheme, quasi-TE polarized light guided
through silicon nanowire is adiabatically squeezed launched into the plasmonic slot
waveguide, see Figure 18(a).

(a)

; i : )
me‘.. silicon 6 silicon Zoutput _

7]

dielectric metal

(b)

metal
gl |

xl)—’
ocutput y

—]
dielectric plasmon

Figure 18 Geometry of plasmonic coupler, (a) top ew of the realistic plasmonic modulator with two capling
sections and (b) structure used in optimization

The coupler is optimized for its highest transnussfor the given silicon width of 500nm,
dielectric material with a refractive index of la®d 1.7. The realistic plasmonic modulator
consists of two coupling sections for in- and ootyaling of the active region with a length lof
as it is depicted in Figure 18(a). However, becaidbe limitation of the computational power,
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we have restricted ourselves in optimizing a simglepling section as the structure is symmetric
relative to the central active section.

5.1.1Methods and Results

To calculate the SPP excitation efficiency we hpeggormed simulation of the propagation of
electromagnetic wave based on the Finite Integrafiechnique (CST Microwave Studio). To
avoid from additional complexities in the computatl, first the simulations have be carried out
for 2D structure i.e. no refractive index variatialongy-axis. The excitation efficiency of SPP
in the metal-dielectric-metal structure is calceths normalized transmission coefficient from
the silicon waveguide to the plasmonic waveguide

. P

transmission= F‘;‘“ (12)
in

where theP;, is the power at the input of the silicon waveguaael P,.:the power at the output
of the plasmonic waveguidsee Figure 18(b). Thieansmission is calculated varying the angle
of the silicon tip8, separation of plasmonic and silicon waveguide$his is done for various
plasmonic slot widths and dielectric refractiveioes. The results of the refractive index of 1.6
are summarized in Figure 19.

540

(@) I 93.0f(b) .
/ -/
520 /- jis 2 - . /
- @ £,915
— / g s _/
g 500f = = n n n n 117 =2
£ - T 3 /
o m P £ 90.0f -
1163 2
480 @o 08
1 -
. 1 8851
460 1 1 1 1 1 1 1 1 1 1 1 1
50 60 70 80 90 100 50 60 70 80 90 100
Width of the Plasmonic Waveguide w [nm] Width of the Plasmonic Waveguide w [nm]

Figure 19 The optimized couplers geometry for varios plasmonic waveguide widthsv. (a) Optimized silicon
tip angle #and distanced. (b) Transmission corresponding to optimized strutre

It can be seen that the coupler provides the maxirooupling efficiency for the certain silicon
tip angle of 17 degrees. Slight dependence of gienom distancel on plasmonic waveguide
width w can be seen. In all the cases the normalized tiasgm exceeds 85%, see Figure 19(b),
which makes such approach of SPP excitation unique.

The results have been confirmed for 3D realistiopter with the metal and silicon heights of
220nm. In Figure 20 we show the typical field prggi@on in the coupler in the terms of
magneticHy and electric, fields.
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Figure 20H, and E, component of the electromagnetic wave propagatintprough the plasmonic coupler
(3D).

An example of the geometrical parameters of theelistic coupler can be found in Table 2.

Table 2 The geometrical parameters of the couplef 50nm plasmonic slot width

SOl device layer thickness 220nm

Silicon waveguide width 500nm

Plasmonic slot width >50nm

Distanced 75nm

Angle 15°-17° (36° for 50nm slot size)
Efficiency of a single coupler 87%

6. Electrical Modelling Plasmonic Phase Modulator

Plasmonic phase modulator is a device based oarlglectro optic Pockel’s effect which is an
instantaneous effect. Therefore, the possible sfigethtions can only origin from electronic
properties of the device. Below we discuss thigass

Because of its short length, the plasmonic phasgutator can be modelled as a lumped element
with a capacitor and a resistor connected in paralee Figure 21, where the capacitor describes
the charge accumulation at the metal interfacesthadesistor describes the leakage current.
The nonlinear optical polymers, such the ones dset above, in our experiments introduce
very small leakage current, in the range of 20nAer&fore, we can neglect the parallel
connected resistance and assume that the dewaceajgacitor connected to the voltage generator
with a 5@ internal impedance. As a result we end up withvapass characteristic circuit with

a cut off frequency of 1THz.

|
:
>0.1602 |
|
|
|

Figure 21 Lumped element model of the plasmonic plsg modulator.
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7. Conclusion & Outlook

As a result of overall modelling the following mddtor characteristics are obtained:

Operation wavelength | 1.55um © Insertion loss < 20dB S

Total length < 50um © Data Rate >50Gb/s ©

Maximum voltage 4.5 © Latency <3 ps ©

Silicon compatibility yes © Electrical energy ~15 pJ/bit S
consumption

Almost all the required specification on the modiacan be fulfilled employing plasmonic
phase modulator. It is relatively more challengiogeduce the optical losses in the system.

We are currently carrying out fabrication and cheedzation of the plasmonic couplers and
modulators fabricated on SOI chips provided by IMECfigure 22, we show an SEM image of
the complete plasmonic phase modulator comprisimgtaper couplers and metallic nanoslot in
between.

Figure 22 Scanning electron microscope image of thasmonic phase modulator.
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