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ABSTRACT | Complementing plasmonic slot waveguides
with highly nonlinear organic materials has rendered a new
generation of ultracompact active nanophotonic compo-
nents that are redefining the state of the art. In this paper,
we review the fundamentals of this so-called plasmonic-
organic-hybrid (POH) platform. Starting from simple phase
shifters to the most compact /Q modulators, we introduce
key devices of high-speed data communications. For in-
stance, all-plasmonic Mach-zZehnder modulators (MZMs) are
reviewed and long-term prospects are discussed. This kind
of modulator already features unique properties such as a
small footprint (< 20 um?), a large electro-optic bandwidth
(> 110 GHz), a small energy consumption (~25 fJ/b), a large
extinction ratio (> 25 dB) in combination with a record small
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voltage-length product of 40 Vum. Finally, as an example for
seamless integration we introduce novel plasmonic /Q modu-
lators. With such modulators we show the generation of
advanced modulation formats (QPSK, 16-QAM) on footprints
as small as 10 um x 75 pm. This demonstration ultimately
shows how plasmonics can be used to control both phase
and amplitude of an optical carrier on the microscale with
reasonably low losses.

KEYWORDS | 1Q modulators; linear electro-optic effect;
Mach-Zehnder modulators (MZMs);
plasmonic-organic-hybrid (POH); plasmonics

plasmonic modulators;

I. INTRODUCTION

Electro-optical modulators are key elements in optical
communication systems, especially in long-haul systems.
Mach-Zehnder modulators (MZMs) and nested Mach-
Zehnder modulators (IQ modulators) based on LiNbOj
have already shown the encoding of advanced modulation
formats such as PDM-64QAM with line rates up to 1 Tb/s
per modulator [1].
photonics ultimately offers Pb/s capacity [2]. In reality,
such a Pb/s system would require several thousands of

If assembled in a larger system,

modulators; and while electronics are very compact, the
large cm? footprint of LiNbOs-based modulators would
pose severe limitations to the overall footprint.

0018-9219 © 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/
redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Bandwidth and footprint of electro-optical integrated
modulators (experimental results only). The plot shows the
improvement of the bandwidth over the last 15 years for
integrated photonic and plasmonic modulator as well as directly
modulated VCSELs. The size of the symbol indicates the required
footprint and the shape of the symbol indicates the effect it
relays on. It can be seen that photonic modulators have
experienced a steady but moderate increase in bandwidth over
the years (blue arrow). The plot also shows how newer plasmonic
modulators are about to outperform the photonic counterparts
at a much smaller footprint (red arrow). The expected bandwidth
is well beyond hundreds of gigahertz.

To present the bigger picture, we have summarized
the best in-class electro—optical bandwidths for various
integrated optical technologies and configurations in
Fig. 1. So, for instance, directly modulated vertical-cavity
surface-emitting lasers (VCSELs) have emerged as a
viable and compact (> 1000 um?) solution for optical
high-speed communications in data centers [3], [4]; see
¢ in Fig. 1. Unfortunately, they generate chirped signals
[5]. A more versatile solution is provided by integrated
external photonic modulators, which do not suffer from
a strong chirp [5]. After a decade of development, exter-
nal photonic modulators have made tremendous prog-
ress, for instance, in terms of electro—optic bandwidth,
as indicated by the light blue arrow in Fig. 1 (note that
larger symbols indicate larger footprint). These modula-
tors encode electrical signals onto a continuous-wave
(CW) optical carrier by utilizing various effects such as the
quantum-confined Stark effect (QCSE: @) in III-V semi-
conductors [6]-[9], the Franz-Keldysh effect (FKE: &)
in silicon-germanium (SiGe) [10]-[12], free-carrier dis-
persion (FCD: A) effects in silicon [13]-[20], and the
Pockels effect (W) in silicon—organic—hybrid (SOH) mod-
ulators [21]-[25]. Modulators based on these effects
have been shown in resonant [19], [20], [23] as well as
nonresonant configurations [6]-[18], [21], [22], [24],
[25]. Resonant disc modulators feature high Q-factors en-
abling compact devices with footprints of ~20 um?.
However, a high Q-factor comes at the cost of a limited
electro—optical bandwidth (~20 GHz) [19].
tively, nonresonant absorption modulators based on
QCSE [6]-[9] or FKE [10]-[12] effects have demon-
strated electro—optical bandwidths up to 74 GHz [9]

Alterna-
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with footprints of 40 um? [11]. Yet, the capability of
these devices to access multiple amplitude and phase
levels in order to encode advanced modulation formats is
limited. Conversely, these constraints can be overcome
by MZM configurations [17], [24]. Several MZM-based
devices have shown electro—optical bandwidths of 55
[18] and 100 GHz [25] when utilizing the FCD in Si and
the Pockels effect in SOH, respectively. However, due to
a relatively weak light-matter interaction in photonic
these devices require rather long phase
shifters, typically > 500 um, to achieve sufficient phase
shifts. As shown in Fig. 1, all modulators featuring large

structures,

bandwidths are bulky devices with footprints way above
8]9 [25]'
Yet, ideally, electro-optic modulators should feature a

several hundreds of squared micrometers [9], [1

compact footprint on the order of squared micrometers,
a large bandwidth (> 100 GHz) with the least power con-
sumption (~fJ/b), and at the same time provide access to
advanced modulation formats.

Plasmonics has been considered for some time to be
a viable option for realization of compact and fast modu-
lators [26]-[37].
surface plasmon polariton (SPP) at metal—insulator inter-
faces [38]. This enables light confinement well below the

In plasmonics, light is guided as a

diffraction limit resulting in an enhanced light-matter
interaction at the cost of ohmic losses [39]-[41]. The
losses are indeed a fundamental limit for long devices.
Yet, the enhanced light-matter interaction allows to re-
alize short devices and, in fact, can even overcompensate
Indeed,
search groups have reported micrometer-sized plasmonic
modulators mostly exploiting the FCD effect (a); see
Fig. 1 [31], [33], [34]. In the future, such modulators are
also expected to outperform their photonic counterparts

for the loss within certain limits. several re-

in terms of electro—optical bandwidth. High-speed opera-
tion, however, has only recently been demonstrated by
modulators relying on the plasmonic—organic—hybrid
(POH) platform (m) [42], [43]. From Fig. 1, one can rec-
ognize improvements that, even though relying on a new
technology, already go beyond what photonics can offer.
POH modulators have experienced a rapid evolution,
starting with the first proof of principle in 2014 60-GHz
high-speed phase modulator [42], followed by the first
demonstrations of an all-plasmonic MZM in 2015 [43],
which has then fostered the development of a remark-
ably compact plasmonic IQ modulator [44]. Meanwhile,
plasmonic modulators [45]-[50] have been demonstrated
to operate with multilevel signals [47] to directly convert
millimeter waves to the optical domain [50], to switch at
the atomic scale [49] and a plasmonic interconnect solu-
tion has been suggested [48].

In this paper, we review the POH platform, where
plasmonic wave guiding is combined with organic
second-order nonlinear optical (NLO) materials to enable
ultrafast active devices. At the same time, we demon-
strate the potential for scaling to more complex circuits
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by introducing the first plasmonic IQ modulator. To put
things in context, we give here the absolute numbers as
obtained from the first generation of POH modulators.
They feature:

+ footprints of a few squared micrometers;

+ encoding of advanced modulation formats such as

QPSK and 16-QAM enabling 144 Gb/s;
+ electro—optic bandwidths >110 GHz (~THz
expected);

+ electrical energy consumption ~ 25 {J/b;

+  voltage-length products of 40 Vum;

+ extinction ratios (ERs) > 25 dB;

+ insertion losses (IL) of 5 dB for a single MZM.

The paper is organized as follows. In Section II, we
review the different organic-based modulator technolo-
gies such as the conventional organic waveguide modula-
tors, the SOH modulators, and the POH modulators.
Section III discusses the physics behind the POH wave-
guide and the operating principle of the POH phase
modulator. In Section IV, we discuss the all-plasmonic
MZM. Section V reports on the performance of the first
plasmonic IQ modulator. For more general reviews on
plasmonics or on organic NLO materials in general, we
recommend [51]-[53], respectively.

ITI. POH MODULATORS: LIGHT-MATTER
INTERACTION BEYOND THE
DIFFRACTION LIMIT

Merging NLO materials [52] with plasmonic structures
[41] allows us to combine the advantages of each technol-
ogy without suffering from the drawbacks of the respective
individual technologies [42], [43]. We discuss the advan-
tages of the POH technology over its two photonic

predecessors with the help of Fig. 2. The figure depicts an
artistic view of three generations of modulators that all uti-
lize second-order NLO materials to encode an electrical
signal onto an optical carrier. The three generations of
modulators are: 1) an organic waveguide modulator [54];
2) a photonic SOH modulator [55]; and 3) a POH modula-
tor [42]. One can see that the size of the modulators de-
creases from centimeters, to millimeters, and finally to
micrometers when going from left to right. To understand
this evolution we first discuss the NLO material system
and then discuss how its properties can be used to take full
advantage of the nonlinear characteristics.

Organic NLO materials with a dominant linear

electro—optic effect offer some unique advantages [56].

+ Linear phase modulation: The linear electro-
optic effect (Pockels effect) [57] allows one to
linearly modulate the phase of an optical signal
by means of an applied electrical field. An advan-
tage of the linear electro—optic effect is that the
optical absorption of the material is hardly af-
fected by the phase modulation.

+  Ultrafast speed: The linear electro—optical effect is a
parametric light-matter interaction. As such, the
process works on an attosecond timescale and the
electro—optical bandwidth of the modulator is thus
only limited by the resistor—capacitor (RC) time con-
stant of the electrodes and its associated wires [52].

+  Highest nonlinearities: The strength of the light—
matter interaction is defined by the electro—optic
coefficient (r). Current organic electro-optic (OEO)
materials exhibit electric field poling-induced r coef-
ficients up to approximately 400 pm/V [58]-[61],
more than an order of magnitude larger than the
electro—optic coefficients of LiNbO3 (r /= 30 pm/V).

Au — RF-Field
[ (N[¥e
s
SO
IlPolymer

O Optical Field

(a) Organic Waveguide Modulator

USignaI

(b) SOH

(c) POH

Fig. 2. Artistic view of different organic modulator technologies. (a) Organic waveguide modulators. Light (optical mode profile) is
guided within a waveguide formed by the organic NLO material; the phase is modulated by the applied drive voltage Us,., and drops
off over the distance of a few micrometers as indicated by the radio-frequency (RF) field (gray). Such organic modulator devices have
centimeter lengths. (b) SOH modulators have submillimeter lengths. Here, the electrical field drops only over the slot filled with the
organic material. However, the performance is still limited as the diffraction limit forbids complete confinement of light to the slot.
(c) This can be overcome by the POH approach, which is not diffraction limited and enables modulator lengths of only several

micrometers.
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+  Low energy consumption: The energy consumption
in x©@ electro—optic modulators in an open-circuit
configuration is mainly influenced by the capaci-
tance. The capacity is proportional to the material’s
permittivity at radio frequencies (egp,) and the di-
mensions of the device. Organics feature a multiple
times lower permittivity compared to inorganic
electro—optic materials [56], and thus allows to op-
erate the modulator with less energy.

These characteristics of the organic NLO materials can be
exploited for electro—optic modulation. In the following,
we will briefly discuss the three kinds of modulators.

A. Organic Waveguide Modulators

Organic waveguide modulators have already shown
small signal sinusoidal modulation up to 150 GHz [54]. In
these modulators, the waveguides are formed by the NLO
material [Fig. 2(a)]. To apply the electrical drive voltage
(Usignal)> the waveguides are embedded between two Au
contact electrodes (yellow). By exploiting the Pockels ef-
fect, the refractive index of the waveguide (ny,) is linearly
changed in the presence of an electrical field

r

Ug:
3 3 Signal
Anrnat = 5 M ESignal =

nmat ’ d

- M
separation
Optical modes propagating in the waveguide experience a
phase shift proportional to Any,. In the case of a constant
voltage, this effect is inversely proportional to the separa-
tion distance (dsepmﬁon) of the two electrodes. Thus, a
small gap between the electrodes would be desirable. How-
ever, the minimum separation is defined by the size of the
mode, which is diffraction limited to a large mode because
of the small refractive index difference between the guid-
ing organic materials (nmy ~ 1.6-1.8) and the cladding/
substrate materials (nsiop & 1.44). This results in an elec-
trode spacing of several micrometers, which due to the
weak light-matter interaction leads to modulator lengths
of centimeters [54]. For the sake of completeness, it should
be mentioned here that typical implementations of the or-
ganic modulator would be along the vertical axis. However,
to emphasize the evolution of the modulators and their op-
erating principle, we have drawn the organic modulator in
a lateral arrangement of the electrodes with the waveguide.

B. SOH Modulators

A more efficient approach to exploit the Pockels ef-
fect on the silicon platform is the SOH technology [55].
As shown in Fig. 2(b), conductive silicon (blue) is used
to form two Si rails separated by a narrow slot, which is
filled with the NLO material. The advantage of this ap-
proach is that the voltage drops off across the narrow
slot of ~150-200-nm width. This way, the electrical
field has its maximum in the narrow NLO slot. As the

electrical field is much higher than in the organic wave-
guide modulator, the length of the modulator can be re-
duced to millimeters and submillimeters. Nevertheless,
this configuration suffers from two main drawbacks.
First, silicon as a semiconductor has a higher resistance
than metals leading to a limited RC response [62]. Sec-
ond, the optical mode is only partially confined to the
NLO material so that only parts of the optical mode and
the electrical field interact (the field interaction factor is
in the order of 0.1 [43]). The limited interaction then
strongly reduces the efficiency of the phase modulator.

C. POH Modulators

In contrast to the previous two approaches, POH
modulators use the Au contact electrodes to directly
form a metal-insulator-metal (MIM) slot waveguide
[see Fig. 2(c)]. At the gold-NLO interfaces, light is
guided as SPPs. This approach combines the many advan-
tages offered by organic NLO materials with plasmonic
slot waveguides, and allows one to mitigate the deficien-
cies of the previous technologies by taking advantage of
plasmonics, namely:

+ Subdiffraction confinement of light: Plasmonics
offers light confinement in MIM waveguides well
below the diffraction limit. SPPs are particularly
well confined to the metal-insulator surface for
low refractive index materials such as organic
NLO materials [39], [41].

+ Enhanced light-matter interaction: The achiev-
able voltage-length product in plasmonics is one
order of magnitude smaller compared to photon-
ics. This can be traced back to an increased field
energy interaction factor and a large slow down
factor. The enhanced light-matter interaction is
discussed in detail in Section III.

+ Small RC time constants: Highly conductive
metals are used to guide light and electrical
signals simultaneously, i.e., R — 0. In addition,
taking advantage of the enhanced light-matter
interaction devices are very short such that
potential capacitances between the metals are
sufficiently small, resulting altogether in subpico-
second RC time constants (Tgc < ps).

+  Reduced plasmonic losses: Recent measurements
of the optical properties of gold thin films [43],
[63], [64] revealed that plasmonic losses of noble
metals are lower compared to previously reported
values by Johnson and Christy [65]; see Fig. 3. In
addition, since the length of plasmonic devices is
typically in the micrometer range, the total loss
through the device is relatively low.

Thus, plasmonics provides a viable solution to over-
come the drawbacks of purely organic or SOH approaches
as light can be confined within low refractive index mate-
rials on the nanometer scale by utilizing MIM waveguides.
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Fig. 3. Real and imaginary permittivity values of Au: Progress in
fabrication has led to a reduction of plasmonic losses in noble
metals by as much as a factor 2. The real (¢') and imaginary (")
parts of the permittivity are plotted as a function of the
wavelength. The curves show the newly measured values (solid
lines) and the crosses show the standard values as reported in
[65]. Image adapted from [43].

ITI. POH WAVEGUIDES

This section starts with the optical properties of passive
plasmonic slot waveguides before discussing their active
electro—optic implementation in a POH phase modulator.

A. Passive MIM Waveguide

The longitudinal cross section of a passive MIM
waveguide is depicted in Fig. 4(a). The waveguide is de-
fined by two gold layers separated by w and a layer of in-
sulating nonlinear material in between. SPPs propagate
parallel to the metal-insulator interfaces as indicated by
the direction of the wave vector 3. Equivalent to photon-
ics, SPPs can be described as plasmonic modes which are
only TM polarized (only E,, E;, and H, are unequal to

zero) [66]. Following [41], we will discuss the properties
of these modes where the MIM stack is assumed to be
homogenous along y. Starting from the Helmholtz equa-
tion, the transverse magnetic (TM) field distribution
within each layer m can be described by

Hyn(x,2) = (Apen™ 4 By kun) el
Ezvm(xa Z) = <_]
Eym(x,z) = <

k A k kx|
ﬂAmekX-m x+] &Bme ke m-x o7
WEYEM WEYEM

Y
WEQEM

Amek*="‘ x4

Bmek“"'x) 47 (2)

WEQEM

where v is the complex propagation constant. Its real
part 3 describes the phase propagation while its imagi-
nary part o models the absorption. Here, a positive (3
corresponds to a forward propagating wave. The trans-
kym is related to 1y by
The relative permittivity of the

verse wave vector
k2 =% — ke (w).
metal (M) and insulator (I) is given by €y and ¢j, respec-
tively. The angular frequency is w. A, and B, are con-
stants associated with the respective layer m. Guided
modes require that energy is confined to the core, mean-
ing the field intensity must be zero for x — £oo. This
requires A; and B; to be zero as k, is larger than zero.
Solving (2) for the tangential boundary conditions leads
to the mode’s dispersion relation 3(w), which is defined
by the implicit equation

o Ri/E1(W) + Ry /En(w)
O = )+ hfem(@) 3)

(1) - Metal

Ey symm(X)

(3) - Metal E

©y

Y

(b) Photonic
600 modes\ =1 nuo=1.83 ,Uncoupled SPP
e Wsp
495 k|
¥
= 390 ¢ E
S
285 ¢ ) E
— Sym. --- Anti-sym.
W[nm] —30 —50 —100 —400
180
0 0.02 0.04 0.06
Blnm]

Fig. 4. Properties of plasmonics modes. (a) MIM-stack homogenous along y-direction. Red indicates the insulating organic NLO
material while yellow represents Au. The E field of the fundamental symmetric plasmonic mode is drawn in black. The field in the
dielectric is quite enhanced over the field in the metal due to the large mismatch between NLO’s and metal’s permittivity.

(b) Dispersion relation j3(w) for frequencies ranging from 180 to 600 THz for the symmetric (solid line) and antisymmetric (dashed)
plasmonic modes at different slot widths. In the same plot, we also give the dispersion relation of an uncoupled SPP as it would exist
at a single MI interface. The gray area highlights all possible wave vectors of a hypothetical ideal photonic waveguide with an air
cladding and the NLO material as a guiding layer. Plasmonic modes are guided when their propagation constants (3 are larger than the
NLO’s light line. These modes are confined to the near field and cannot couple to photonic modes. The symmetric mode exists for all
frequencies and widths while the antisymmetric mode is cut off for small frequencies and widths.
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Two orthogonal plasmonic solutions can be found for the
slot waveguide [Fig. 4(a)]. One has a symmetric E, com-
ponent while the other one has an antisymmetric E,
component with respect to the center of the waveguide.
When increasing the slot width, the left-hand side of
(3) becomes zero and the right-hand side can be rear-
ranged to the following equation when substituting
k2 =% — kien(w):

em(w)er(w)
em(w) +ei(w)’

This is the solution for a single metal-insulator interface.
In the case of a large slot width, both modes converge to-
ward the solution of single uncoupled SPPs.

Fig. 4(b) shows the frequency f ranging from 180 to
600 THz as a function of the propagation constant’s real
part 3. The graph compares plasmonic symmetric (solid)
and antisymmetric (dashed) modes, the plasmonic mode
of a single interface (black), and all wave vectors which
can exist in a photonic NLO waveguide (gray hatched
area). The figure shows only symmetric and antisymmet-
ric bound modes below the plasmon frequency wgp. It
can be seen that the wave vector below the plasmon
frequency of the uncoupled SPP mode is always larger
than the wave vector of the organic NLO light line
(nnro = 1.83). Thus, once launched as an SPP, light can-
not couple back to the photonic modes as it is confined
to the interface. In the case of the coupled symmetric
plasmonic mode, the wave vector 3 is larger for reduced
slot widths, resulting from a stronger confinement to the
near field; see (2). In contrast, the antisymmetric modes
are in the cutoff, and guided modes exist only in the
limit of large widths or high frequencies. Thus, plas-
monic modulators with a narrow slot only guide the fun-
damental plasmonic modes. This mode shows a

significant light confinement in combination with an en-
hanced transverse electrical field and a strong nonlinear
dispersion relation.

B. POH Phase Modulator

Fig. 5(a) shows a colorized SEM image of a typical
POH phase modulator (PPM) realized on an SOI sub-
strate. Gold (Au) contact pads are used simultaneously to
form the 150-nm high MIM (Au/NLO/Au) slot waveguide
and to apply the electrical signal to the slot via highly
conductive metallic contacts. The slot is filled with an
organic second-order NLO material and the Pockels effect
can be exploited to encode the electrical signal onto the
optical carrier. Light is coupled to and from the MIM slot
by silicon waveguides via photonic—plasmonic converters
(PPCs) [67], which gradually convert the photonic mode
into a plasmonic mode by tapering down the Si wave-
guides and tapering up the contact pads. The SPP then
propagates along the slot. When a voltage is applied across
the slot, the refractive index of the electro—optic organic
material is changed and a phase shift is induced onto the
SPP. The accumulated phase shift (Ay) after a propaga-
tion length L is given by [43]

2
A@(L,Egg) =AB - L = A—”  Anggp(Egg) - L
0

2 Anm Ei
Z%'F'nslow'M'L- (5)
0 Mpmat

The phase shift depends on the change of the effec-
tive refractive index Aneg of the plasmonic mode. Its
strength depends on three factors, namely, the field
energy interaction factor (I"), the slow down factor of
the SPP (ngow), and the electric field induced relative
change of the material’s refractive index (Anpat/Nmat)-

()

(ORF
2)

X - organic

MIM- Slot

[SEXT|

Top view

Cross section

Fig. 5. Plasmonic phase modulator. (a) Colorized SEM image of the phase modulator. Au is indicated in yellow, silicon in blue, and SiO,
is given in gray. The two Au contact pads form the MIM slot waveguide, which is filled with the organic material. Light is coupled to
and from the slot by PPCs. The cross section with the RF and optical fields are shown in (b) and (c) for a slot with height (h) and slot
width (w) of 150 and 100 nm, respectively. Both images show the simulated Ex component at optical frequency and RF, respectively.
Their perfect overlap suggests the strongest possible light-matter interaction.
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Fig. 6. contributions to the enhanced light-matter interaction. The figures show the dependency of the three mayor terms that
contribute to the overall refractive index change in a plasmonic modulator as a function of the slot width and slot height. In all plots,
the applied voltage across the slot has been kept constant. (a) Field energy interaction factor. It is proportional to the overlap integral
between RF and optical field. (b) Slow down factor. (c) Dependency of the relative change of the refractive index. It varies inversely
with the width of the slot. (d) Plasmonic propagation losses as a function of the slot geometry.

In the following, we will briefly discuss these three dom-
inant factors and the plasmonic propagation losses as a
function of the waveguide geometry (height and width)
[Fig. 6(a)-(d)]. For more details as well as for a compari-
son with the SOH approach we refer the reader to [43].
The field energy interaction factor I" is largest when
the field profile at optical frequencies and RFs overlap
the most [43]. The simulated E, components of the RF
field and the optical field are shown in Fig. 5(b) and (c),
respectively, for a slot width w of 100 nm and a height h
of 150 nm. Only the E, component of the field in the
slot’s active region (wg * hgot) is contributing to the
While both fields are
mostly confined to the slot, the fields are leaking out in

light-matter interaction [43].

vertical direction, thereby reducing I'. Fig. 6(a) shows I'
as a function of slot width and height, based on (22).
Smaller width or larger height results in an enhanced
field energy interaction factor as the leakage of the opti-
cal field in the vertical direction decreases. Upon a fur-
ther decrease of the width w, below 30 nm, the field
energy interaction factor will decrease as the field pene-
trates into the metal.

A large slowdown factor (ngey) is of benefit as a
slowed SPP has more time to interact with matter. It
originates from the field penetration into the metal.
This can be understood by the fact that the fraction of
the electric field in the metal has an E, field in the
opposite direction; see Fig. 4(a). The direction of the
H, field is the same in the metal and the insulator;
see (2). As a consequence, the fraction of the mode in
the metal has a pointing vector showing in the back-
ward direction. Thus, the SPP is on average slowed
down when the field penetrates more into the metal.
The quantitative results for ngo, are shown in Fig. 6(b)
as a function of w and h. For smaller widths, the increase
of the slowdown factor shows that the penetration of the
field into the metal is increasing with narrower slots
(Nglow = 2.6 at 200 nm and up to 4.9 at 30 nm). Alterna-
tively, the slowdown factor can be approximated by the
slope of the dispersion relation—flat regions correspond
to slower light; see Fig. 4(b).

Fig. 6(c) shows the change of the relative refractive
index Anp,/Nmat as a function of w and h for a constant
voltage (3 V). The 1/w dependency of Anpy/Nya is due
to the fact that the applied voltage drops completely
across the nanometer-scaled MIM slot; see Fig. 5(b).
This narrow slot is actually one of the reasons that the
electrical fields are several orders of magnitude larger
compared to organic waveguide modulators where the
voltage drops over several micrometers.

The dependency of plasmonic propagation losses on
the waveguide geometry is given in Fig. 6(d). The losses
are highest for smallest w, as the field penetration into
the metal is largest.

To evaluate the performance of PPMs we use a figure-
of-merit (FoM) relating phase
and losses

modulation per voltage

FOM =

Ap {rad pm 1

._._} (6)

propagation lossesy - Usjg [im dB V.

Here Ay is the accumulated phase change in radians af-
ter an SPP has propagated 1 pum divided by the propaga-
tion losses and an applied voltage Usigna- Fig. 7 shows
the simulated FoM as a function of the slot width and
height for an elecro-otpic coefficient r3; =180 pm/V.
The figure shows that a decreasing slot width,
enhancing the interaction, is providing a larger FoM,

i.e.,

despite the increased propagation losses. This means
that the enhanced nonlinearity overcompensates for the
propagation losses and that total device losses can be
reduced when downscaling the slot width [43], [47].
The dashed line indicates the limits of our fabrication
technology in terms of height-to-width aspect ratios.
In our process, aspect ratios of up to 3:1 can be fabri-
cated reliably resulting in a maximum FoM of
0.095 for a slot width of 30 nm and height of 90 nm. A
4-pm-long MZM with such PPMs would require a volt-
ages of ~=4.5 V to switch from on to off while having in-
sertion losses of ~4 dB leading to UL below 20 Vum.
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Fig. 7. Figure of merit. The plot shows the achievable FoM as a
function of the slot’s height and width. The FoM shows how much
phase shift can be accumulated per 1-dB propagation loss and
1-V applied voltage. The dashed line indicates an aspect ratio
(h/w) of 3. This line marks the current fabrication limits. Aspect
ratios above 3, even though more promising, are difficult to
fabricate.

Additionally, introducing most recent organic NLO mate-
rials with higher nonlinearities [58]-[61] would reduce
the voltage length product below 10 Vum and sub-f]/b
energy consumptions could be reached.

In our we measured record
voltage-length products down to 40 Vum for a 6-pm-
long MZM with slot widths of 40 nm. The discrepancy
to the theory is attributed to the not yet optimized poling
procedures and tilted sidewalls, which degrade the effi-

own experiments,

ciency quite a bit for such narrow slots.

IV. INTEGRATED ALL-PLASMONIC
MACH-ZEHNDER MODULATOR

Integrating two phase modulators into a plasmonic inter-
ferometer configuration allows one to fabricate Mach-
Zehnder modulators, which are orders of magnitude
smaller than any other MZM. Despite the exceptionally
compact solution with a footprint of a few micrometers
squared only efficient amplitude modulation up to high-
est speed is found. The operation principle, design guide-
lines, performance characteristics, and experimental
results are discussed in the following sections by partially
referring to results reported in [43] and by introducing
more recent results.

A. Operating Principle

An all-plasmonic MZM (device A, Table 1) is shown
in Fig. 8(a). The colorized SEM image shows the so-
called “island” structure with suspended bridges that
connect the “island” to the neighboring signal pad. The
signal pad is used to contact the modulator using stan-
dard RF probes. Compared to other approaches [47], the
island is a significantly narrowed signal electrode that al-
lows the amplitude modulation to take place within the
dimensions of a silicon photonic single mode waveguide.

Table 1 Device Parameters of the Various Modulators

DEVICE wi W) / h4a TYPE
[REF.] [nm]  [nm] [pm]  [nm]
A[43] 90 100 5 200 MZM
B 40 45 6 150 MzZM
C [44] 35 40 12 150  1IQ
D [44] 80 90 8 150 IQ
E [44] | 80 90 12 150 IQ

Silicon waveguides were used to feed CW light to the
modulator and extract the modulated optical signal. To
convert light from photonic into plasmonic modes
photonic—plasmonic interference (PPI) sections are used
at the input and output of the modulator section.

The operating scheme of the all-plasmonic MZM can
be understood with the help of Fig. 8(b), showing the
simulated E, component in the off-state and the on-state
of the modulator. Light guided in the input silicon wave-
guide (TEgo) is coupled to a symmetric plasmonic mode
by tapering down the silicon waveguide. This symmetric
plasmonic mode equally excites two in-phase SPPs in the
upper and lower MIM slot waveguides. The two MIM
waveguides are filled with a second-order NLO material
(DLD164) [61] and represent the phase modulators of
the device. The relative phase of the SPPs at the output
of the phase shifters is actively controlled by a voltage
(Usignal) applied between the “island” and the outer
ground electrodes. In the off-state, the voltage is chosen
such that the phase difference between both arms is
m and an antisymmetric plasmonic mode is excited at
the output tip of the island. On the other hand, in the
on-state, the SPPs of the two PPM are in phase and a
symmetric plasmonic mode is excited at the outlet. The
latter couples to a guided photonic mode (TEgy) of the
silicon waveguide while the former is mainly coupled to
lossy evanescent modes. Thus, the phase modulation is
translated into an amplitude modulation.

B. Transfer Function of an All-Plasmonic MZM

The measured voltage-dependent intensity transfer
function of device B (all-plasmonic MZM) is depicted in
Fig. 9. This device features slot widths of ~40 nm and a
length of 6 pm. Narrowing down the slot widths has
been made possible by reducing the gold height from
200 nm (device A) to 150 nm. The applied direct current
(dc) voltage was swept from —5 to +5 V while the trans-
mitted optical power was measured. The measured
power was normalized to the power in the on-state. The
device is switched from the on-state to the off-state by a
voltage of Uy =~ 7 V. Considering the pm-length of the
device a record low voltage-length product of ~40 Vyum
was achieved. Furthermore, the measured ER between
the on-state and the off-state is 26 dB which is signifi-
cantly larger than the value reported in [43].
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Fig. 8. The all-plasmonic MZM. (a) Colorized SEM image of the modulator. The plasmonic interferometer is formed by the metallic
island and the metallic contact pads. An electrical signal can be applied to the island via a suspended bridge. Light is coupled to and
from the interferometer by PPI. (b) FEM simulations showing the plasmonic modes in the off-state and the on-state. In the off-state,
the fields are out of phase at the output, while they are in phase in the on-state. Light is coupled to guided modes of the silicon
waveguide only when the modulator is in the on-state. Figure adapted from [43].

The transfer function of the all-plasmonic modula-
tor can be modeled by using transfer matrices adapted
from [47]

[Etkgpout] =Tnmzm + [ETEopin] (7)
with

Tymzm = Tpprout * Teem - TepLin- (8)

The incident photonic TEqy mode (Erg,, ) is mapped
onto the output TEqo photonic mode (Erg,, out) of the sil-
icon waveguide by the MZM’s transfer matrix (Tmzm)-
The contributions of the individual components, such as

Norm. Transmission [dB]

Lecocpana

USugnaI V]

Fig. 9. Measured MzM transfer function. Normalized
transmission plotted as a function of the drive voltage (U.,.)
for phase shifters of 6-.m length. The measurement reveals
record low voltage-length product of 40 vum. The large ER
confirms that the small footprint enables symmetric
interferometers.

PPIs and PPM, are given by their individual transfer ma-
trices Tpp; and Tppy, respectively

ThpLout = v/CPPLout * [V/T V1 — 1] 9)

ol (B2 (Usi) )11 0
Tppm = . oy (10)
0 e—l(ﬁﬁAﬂz(Ussg))L—TL
Jr
Tonn = v | . a

The coupling efficiency of the PPI section is given by
cppr While r represents the splitting ratio of the PPI cou-
pler. A value of r = 0.5 indicates an equal splitting and
combining of energy entering the PPM and leaving the
PPM, respectively. Tppy describes the evolution of the
phase and amplitude along the two arms of the interfer-
ometer. The SPPs’ propagation constant 3;(w;) as well as
the SPPs’ power attenuation «;(w;) depends on the ge-
ometry w; of the waveguide. The modulation of the opti-
cal carrier by an applied electrical signal is described by
AS:(wy, Usignal) which is a function of the applied voltage
(Usigml) and slot width (w;); see (5).

Data transmissions based on direct detection or co-
herent detection requires that the MZM be operated in
the quadrature point (QP) or the Null point (NP; off-
state), respectively. To operate this device in the respec-
tive operation point a phase offset in the two arms needs
to be adapted to either 7/2 for the QP or 7 for the NP
operation. This can be achieved by either applying a volt-
age at the expense of higher electrical fields in the slots
or by introducing asymmetric slot widths w; and w, in
the phase shifter arms [43]. The latter approach also
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Fig. 10. ER as a function of the splitting ratio r and a slot
asymmetry. The dashed lines indicate slot width differences
resulting in a phase difference between the two Mach-Zehnder
arms in the amount of = and /2. This phase differences
correspond to operations in the NP and QP, respectively. The
inherent reduction of the ER for unequal slot widths in these
operation points is uncritical since the ER remains high in

all cases. Only for large slot width differences the splitting ratio r
has to be adapted to maintain high ERs.

comes with an absorption Ao = o; — a, change and
thus influences the ER [47]. The general expression for
the ER can be obtained by dividing the transfer function
(10) for a signal in the on-state and the off-state. When
uneven splitting ratios (11) are used in (10), then the ER
can be derived as a function of the power splitting ratio r
and slot width difference Aw = w; — w,

2
Eon

ER(Aw,r) = 5
off

_or(wy) _op(wp) 2
rez L —(1—r)e 2L

*@L + (1 — r)e
a(Aw) 2
(e’%]“ + 1>r -1

= — . (12)
(ef—A o 1>r +1

_op(wp)
re 2L

The ER in (12) has been plotted in Fig. 10 as a function
of slot width variations Aw, and a variation in the split-
ting ratio r for device B with a slot width of 40 nm, a
gold height of 150 nm, and a device length of 6 pm.
Since varying slot widths also results in phase offsets, we
have indicated the respective phase offsets that corre-
spond to a particular Aw by dashed lines. The yellow
colors indicate that the ER remains high even when vary-
ing Aw. Furthermore, highest ERs can be achieved by
adjusting the splitting ratio r and coupling more power
to and from the MZI arm with higher propagation losses.
It should be noted that a variation to a narrower slot in
one arm increases the insertion loss of the device, while
a variation to a wider slot increases the 7-voltage U, of
the modulator [47]. Fabrication deviations can lead to a

slight shift of the operation point, which can be adjusted
by a small bias.

C. Losses

Of particular interest are the minimum inherent
losses that go along with a plasmonic modulator. Using a
new design, simulations indicated that total chip losses of
a device can be as small as 4.5 dB. This would correspond
to a loss reduction by 3.5 dB compared to the experimen-
tal losses reported for device A in [43]. The improvement
results from an optimized photonic—plasmonic converter/
splitter (PPI) structure. We will now discuss the losses in
more detail.

Using (7), the losses for a symmetric MZM (r = 0.5
and oy = oy = «) are

Eon Y _oa7 |2
IL = :cépl-’r'e 21L+(1—r)~e 7L

in

(13)

_ 2 —q
=Cppr€ *

where cpp; accounts for the losses of the photonic-to-
plasmonic converter and exp(a/2 - 1) models the plasmonic
propagation losses in the phase modulators.

With our first generation of PPI couplers, we found
coupling losses of cppr = 2.75 dB per coupler [43]. The
first-generation geometry is shown in Fig. 11(a). The left
image shows a top view with the simulated field profile
while the right image depicts the structure at the posi-
tion of the dashed line. Our analysis shows that the cou-
pling efficiency for this geometry is strongly influenced
by the height of the NLO cladding (hxio). The depen-
dency of the coupling efficiency (red line) on the height
of the NLO material is plotted in Fig. 11(c). Reducing
the height enables coupling losses down to 1.1 dB while
coupling losses on the order of 3 dB are found for NLO
heights of 600-800 nm such as used in [43]. The large
coupling losses are caused by radiative cladding modes in
the NLO material, which are excited when light is
coupled from the Si waveguide to SPPs in the broad
MIM waveguide [Fig. 11(a) dashed line]. The radiative
modes exist for large heights of the NLO material while
they are cut off for small heights. Alternatively, the cou-
pling efficiency can be improved by guiding light within
Si rails up to the narrow phase shifter slots, as shown in
Fig. 11(b). Thus, radiative modes are not excited and
coupling losses below 1 dB can be achieved even for
cladding heights of 800 nm; see Fig. 11(c), black line.
This new geometry is now used for the plasmonic IQ
modulators, as discussed Section V.

D. RF Performance

In order to demonstrate the high-speed capabilities
of the plasmonic MZM, the electro-optical frequency re-
sponse of the device was measured. Here, we show
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Fig. 11. Coupling schema for conversion of light from a silicon waveguide to a slot SPP. (a) Geometry of the coupler used in the initial
proof of principle demonstration [43]. (b) Geometry of the improved coupling scheme as introduced here and more recently in [44].
The blue/red fields show simulated field distributions. (c) Coupling losses as a function of the cladding height. The coupling efficiency
of the old design in (a) strongly varies with the cladding height, while the new scheme from (b) is almost independent of the cladding

height with coupling losses below 1 dB.

record 3-dB bandwidths exceeding 110 GHz for plas-
monic modulators; see Fig. 12. In order to measure the
frequency range from 75 to 110 GHz, a special millimeter-
wave source and a probe were used. Two separate
measurements of the same device have been performed.
In the first experiment, the lower frequency range
(15-70 GHz) was tested using the same setup as in pre-
vious demonstrations [43], [47], [68]. For the higher
frequency range, an RF signal was fed into an amplifier
combined with a Schottky diode producing multiple har-
monics of the input signal. The undesired lower fre-
quency signals were bandpass filtered by the output
hollow waveguide. This way higher harmonic frequen-
cies from 75 to 110 GHz were generated. A flat fre-
quency response up to 110 GHz is found and it can be
expected that the 3-dB bandwidth is much higher. Both
measurements are normalized to the value measured at

0 i

[ Measurement 1 (15-70 GHz)

" ~Measurement 2 (75-110 GHz) |
| |

Frequency Response [dB]
&

-9 ] ]
15 30 45 60 75 85 95
Frequency [GHz]

105

Fig. 12. High-speed RF-measurement electro-optic frequency
response of an all-plasmonic MZM. Two separate measurements
were performed for the lower (15-70 GHz) and higher frequency
(75-110 GHz) range. Each measurement was normalized to its
starting frequency at 15 and 75 GHz, respectively. No bandwidth
limitation can be observed beyond the measurement range of
110 GHz.

the lowest frequency. In order to estimate the maxi-
mum frequency response we can resort to an equivalent
circuit analysis. We may assume that the device is RC
limited [43]. When neglecting the contact pads and the
internal resistivity of the driving source we are left with
a device capacitance of 5 fF. Furthermore, we have a
modulator resistivity of 0.36 €2 indicating a theoretical
bandwidth up to 80 THz having a rise time of a few
femtoseconds. In other words, such plasmonic modula-
tors have frequency responses that go way beyond of
what is currently needed.

E. Data Transmission Experiments and
Energy Consumption

The all-plasmonic modulator’s capability to encode
data at symbol rates up to 72 GBd was demonstrated by
performing data generation experiments. Fig. 13 depicts
a schematic of the measurement setup and the measured
eye and constellation diagrams of the received signal in-
cluding measured bit error ratios (BERs). Light from an
external laser (A ~ 1534 nm) was coupled to and from
the chip using fully etched grating couplers. The modu-
lated light was amplified before it was detected by a co-
herent receiver. In the receiver, standard DSP and
postequalization was applied to mitigate the influence of
the limited electrical bandwidth of our RF components.
To modulate the light, an electrical data stream (PRBS
2" — 1) was generated by an arbitrary waveform genera-
tor (AWG). The electrical signal was amplified and fed
to the modulator using GSG RF probes. In the first ex-
periment, we investigated the performance at a data rate
of 54 Gb/s using a square-root-raised cosine (SRRC)
pulse shape (rolloff: a = 0.25). The measured BER at
54 Gb/s was 7.3x107°. At 72 Gb/s, the BER has
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Fig. 13. MZM high-speed data transmission experiment. Laser
light (green) is coupled to and from the chip by grating couplers,
amplified and received coherently. The electrical signal (blue)
generated by a bit generator is encoded by means of the
modulator onto the optical carrier. The received eye diagram and
constellation diagrams are shown at the bottom. The BERs found
with this device allow for high-speed data transmission up to

72 Gb/s when utilizing hard decision forward error correction.
Figure adapted from [43].

increased to 3 x 1073, which is still below the HD-FEC
limit requiring a 7% overhead [69].

An energy consumption of ~25 {J/b was derived for a
drive voltage of 6 V,, and an in-device capacitance of
only 2.8 fF. The in-device capacitance was determined
by 3-D simulations (CST Microwave Studio) using the
geometries as found from SEM images of the fabricated
device A.

V. INTEGRATED PLASMONIC IQ
MODULATOR

The above mentioned all-plasmonic MZM is an essential
building block for highly integrated nanophotonic cir-
cuits. Besides offering the benefits of a small footprint it
also offers seamless integration capabilities with multiple

plasmonic devices. As an example for highest integration,
we introduce a plasmonic IQ modulator. We obtain a
1300-fold reduction in area compared to state-of-the-art
semiconductor IQ modulators [70]-[72] by merging two
plasmonic Mach-Zehnder modulators into an IQ modu-
lator on a footprint of 10 pum x 75 pm [44]. In the fol-
lowing, we introduce the design of the plasmonic IQ
modulator together with its operation principle. We then
show its performance as well as data transmission be-
yond 100 Gb/s.

A. Device Design and Operation Principle

The plasmonic IQ modulator consists of two all-
plasmonic MZMs in the arms of an outer MZM; see
Fig. 14. Light from the left silicon single mode wave-
guide is fed into a 2 x 2 MMI (with only one input
waveguide but two output waveguides). The 2 X 2 MMI
splits an input carrier equally onto two outputs while in-
troducing a relative phase delay of Ap = 7/2 between
them. The in-phase (I) and quadrature (Q) components
of the carrier are then fed onto two all-plasmonic
MZMs, which are independently modulated by two elec-
trical signals applied via pads Sq and Sj, respectively.
Modulated light from the two modulators is then com-
bined by a symmetric 2 X 1 MMI and is coupled to an
output silicon single mode waveguide.

The integrated MZMs share a common ground elec-
trode (Giq) acting as an electrical shield, and thus, sup-
pressing electrical crosstalk between in-phase and
quadrature component. The signal electrodes (S; and Sg)
of the two MZMs and the common ground electrode are
contacted by suspended bridges. The outer ground elec-
trodes (G; and Gg) of the modulators have been imple-
mented as Au strips of 300-nm width.

B. Device Performance
The RF bandwidth of the IQ modulators has been
characterized for up to 70 GHz and found to be flat. We

Fig. 14. colorized SEM image of a plasmonic 1Q modulator comprising two seamlessly integrated MzMs embedded between two MMIs.
Light fed from the left input waveguide is equally split by the 2 x 2 MMI and mapped with a 90° offset onto the upper and lower
plasmonic MZMs. Information is encoded onto the optical carrier by means of the 1 and Q MZMs, which are connected via suspended
bridges with the two electrical data signals (5S¢ and S,). Finally, the two signals from the modulators are combined to a complex optical

signal by the subsequent 2 x 1 MMI. Figure adapted from [44].
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expect it to be flat up to 110 GHz and beyond, similar to
the MZM; see Section IV-D.

Next, the device has been tested for electrical cross-
talk between the in-phase and quadrature-phase MZMs.
The electrical crosstalk was found to be smaller than
—34.5 dB. The measurement was performed by applying
a sinusoidal RF signals (10 GHz < fgr < 50 GHz) to one
modulator and measuring the electrical signal on the
other modulator using an electrical spectrum analyzer
(ESA). The good suppression of crosstalk is probably due
to the common ground electrode (Gig) and the small
electrode length.

In the next step, we investigated the insertion losses
of the IQ modulators. They were found to be 13.5 dB. To
distinguish contributions of the individual components,
we used test structures on the same chip. The 1 X 2 MMI
contributes with 3.5 dB and the PPIs with 1.5 dB per con-
verter. Another 7 dB are attributed to the 12-pm-long and
85-nm-wide plasmonic slot waveguides. This corresponds
to plasmonic propagation losses of 0.58 dB/pm, which
are higher than in previous batches and are related to var-
iations in the fabrication process [43], [47]. Based on our
previous experiments, we expect to be able to reduce
propagation losses by 1.8 dB.

C. Data Experiment

To evaluate the performance of the plasmonic IQ mod-
ulator high-speed data transmission experiments were per-
formed. The modulator was used to encode complex
modulation formats onto an optical carrier. Encoding a
quadrature phase-shift keying (QPSK) signal at a symbol
rate of 72 GBd resulted in line rates of 144 Gb/s. Operation
at higher modulation formats like 16-quadrature amplitude
modulation (16-QAM) were demonstrated at 18 GBd; see
the constellation diagrams in Fig. 15.

The data transmission experiments were performed
using an external laser source (1535 nm < A < 1550 nm).
Light was coupled to and from the chip using standard sili-
con grating couplers. The modulated signal was preampli-
fied before it was received by a coherent homodyne
detector. The electrical in-phase and quadrature-phase
components were generated by two synchronized AWGs
and were amplified to £2.5 V, as measured at 50 {2. The
unterminated device gives an advantage of a factor of two,
so that we expect +5 V,, across the modulators [47]. The
electrical signals were applied using two electrical GSG RF
probes. To adjust the operating points of the modulators, a
dc bias of up to 6 V was applied.

The devices were tested for modulation performance
at symbol rates from 18 to 56 GBd using an SRRC
pulse shape (rolloff: = 1 to 0.28) and at 72 GBd
using a rectangular pulse shape with a 2'-bit-long
De Bruijn sequence. In all experiments, standard DSP,
predistortion, and postequalization were applied to
compensate for the limited performance of the electri-
cal components.
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Fig. 15. 1Q high-speed data transmission experiment. Laser light
(green) is coupled to and from the chip by means of grating
couplers, amplified and received coherently. The in- and
quadrature phase components of the IQ modulator are encoded
by electrical waveform generators (blue). The black squares
indicate the received BERs at some specific symbol rates. The
corresponding constellation diagrams are plotted next to the
squares. BERs are below HD-FEC for symbol rates up to 54 GBd
and below SD-FEC for QPSK at 72 GBd and 16-QAM 18 GBd
resulting in line rates of 144 Gb/s. Figure adapted from [44].

To verify the device performance in the high-speed
data transmission experiments, we measured the BER of
the received signals. Fig. 15 visualizes the measured
BERs for different symbol rates and modulation formats.
To show the signal quality, the corresponding constella-
tion diagrams are inserted next to the data points. De-
vices C and D were used for the QPSK experiments
while device E was used for the 16-QAM experiments;
Table 1. For signals up to 56-GBd QPSK corresponding
to a line rate of 112 Gb/s, the error ratios are well below
the HD-FEC limit (7% overhead) of 2 x 1073 [69]. At
72-GBd QPSK and 18-GBd 16-QAM, the measured BERs
are 7.5 x 1072 and 1.3 x 1072, respectively, and are be-
low the SD-FEC limit of 2 x 1072, considering an over-
head of 20% [73].

D. Energy Consumption

The plasmonic IQ modulator features an energy con-
sumption of 27 fJ/b with the 16-QAM modulation for-
mat. This low energy consumption is a result of the
high nonlinear interaction in the plasmonic slot; see
Section II. The large nonlinear interaction results in
reasonable drive voltages and very short devices. As a
result of the short length the device capacitances are
small leading to a low energy consumption.

In this section, we investigate the energy consump-
tion of the plasmonic IQ modulator for M-QAM modula-
tion formats, i.e., QPSK and 16-QAM in the case of an
unterminated device [74]. Advanced modulation formats
encode log,(M) bits per symbols. Using the probability
of a modulation format to switch from one state (ampli-
tude level) to another, we derive a general expression for
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the energy consumption per bit of our IQ modulator
when encoding an M-QAM modulation format.

First, we note that the IQ modulator is driven inde-
pendently by two MZMs, so that the total energy con-
sumption per bit is obtained as a sum of the two
modulators’ switching energy

Wio = Wimzm + Womzm- (14)

Thus, in the case of symmetric operation where both in-
dividual MZMs are driven with an identical voltage, we
can reduce the discussion to the energy consumption of
only one modulator.

Second, we operate the all-plasmonic MZMs untermi-
nated (capacitive) so that hardly any current is flowing
across the NLO material which is acting as an insulator.
Thus, the dissipated switching energy for changing
the voltage (Upp) of the MZM’s capacitor (Cyzm) is given
by [75]

Wiwitch,MzM = = UszwitchCMZM- (15)

2

In general, both I and Q signals have Mpam =
sqrt(M) states. These states are equally separated by
voltage steps of Uyp/(sqrt(M) —1), where Uy, is the
peak-to-peak voltage of the signal. The probability to be
in a certain state A and to switch to another state B is
equally distributed and given by

1

—. (16)
(logz (M))

PA—B =

Based on this we can derive the total energy consump-
tion for a transition from any symbol A to any symbol B by

1 (Ua — UB)ZCMZM

2

WhzM Symbol = Z Z 17)

‘Acn Ben PA—B

Furthermore, one transmitted symbol contains log, (M)
bits leading to the following energy consumption per bit
for an IQ modulator:

D D et

Aen Ben

log, (M)

Wigpit=2 - Wnzm =2 - (18)

For the QPSK or 4-QAM modulation format the en-
ergy per bit is given by

1o

Wiga-qampit = P Upp—signa CMzm- (19)
S o
Wig,16-QaM bit = 7 Upp—signaCmzm- (20)

In order to estimate the energy consumption per bit of
the IQ modulator, the Cyzyv capacitance was determined
relying on 3-D FEM simulations (CST Microwave Studio)
using the geometries as found from SEM images of the
fabricated devices (C, E). With this we can then derive
capacitances of 3.15 fF for device D and 7.67 {F for de-
vice C that performed QPSK operation. For device E that
performed 16-QAM operation, we obtained a capacitance
of 4 fF.

Applying this formula we can derive an energy con-
sumption of 78 {J/b (device D) and 191 {J/b (device C)
for the QPSK modulation format and a very low value of
27 fJ/b for the 16-QAM modulator when the driving volt-
age is U, = 5V as in our experiment.

E. Summary

The POH technology is evolving quickly. It has be-
come a viable solution for active photonics, offering ex-
ceptionally compact devices with dimensions in the
micrometer range, operation across a large optical spec-
trum of >100 nm, and a large electro—optical bandwidth
way beyond 100 GHz. In this review, we have shown the
progress from initial phase shifters to more complex IQ
modulators that meanwhile feature ERs of >20 dB,
voltage-length products of only 40 Vum, and operation
at line rates of 144 Gb/s.

Plasmonics has shown to be a viable technology not
only for simple modulators but also for the most complex
modulators such as IQ modulators. Based on this success,
future large-scale implementation of plasmonics in PICs
seems to become practical. To put the scaling potential
in a larger context one should keep in mind that 1000 of
the new plasmonic IQ modulators introduced here could
be arranged on 1-mm? surface. As each of them is capa-
ble of generating 100 Gb/s, the on-chip data rate genera-
tion capability could reach 100 Tb/mm?/s.

APPENDIX—METHODS

A. Simulations

Simulations were conducted partially by using the
commercial Multiphysics FEM tool COMSOL and
by using the commercial FDTD solver LUMERICAL.
LUMERICAL was used to determine the PPIs’ coupling

Vol. 104, No. 12, December 2016 | PROCEEDINGS OF THE IEEE 2375



Haffner et al.: Plasmonic Organic Hybrid Modulators—Scaling Highest Speed Photonics to the Microscale

efficiency (Fig. 11) with help of full-wave 3-D simulations.
COMSOL was used to solve for electrical and optical field
profiles (Figs. 2 and 5) from which we derive the light—
matter interaction (Figs. 6 and 7) and the achievable ER
(Fig. 10). Throughout the simulations, we assumed a
wavelength of 1.55 pm and the corresponding optical
properties of the materials at this wavelength:
NnNLo — 183, nsio2 = 144, nsi — 35, nsio2 — 144, and
€an = —108.9 + 5.27]. The Si waveguide has a height of
220 nm and a width of 450 nm. The taper angle of the Au
and Si tip is 15°. The capacitance used to estimate the en-
ergy consumption of the plasmonic modulators was
obtained from full-wave 3-D FEM simulations with CST
Microwave Studio.

B. Enhanced Light-Matter Interaction

The light-matter interaction is quantified by the
change in the effective refractive index. Based on
coupled wave equations [43], one can break the light—
matter interaction down to the following contributions:

Anma Usi
Aneff(Usig) =1 Nslow * M .

Mmat

(21)

These are the field energy interaction factor I, the
slow down factor ngow, and the relative change of the
materials refractive index Anpg/Npa. In the following,
we will briefly discuss the definitions of I" and ngjoy. The
former one is defined by

€mat ffsslm (60 Eéc,x) ds

r
d( e(w)w
jfs (60 %EOCE?}—C - MOHOCch> ds

1%

(22)

Here, the optical fields are Eoc and Hoc. ET =
EX—Ey+EzZ and H" = —HX — Hy + H.Z are the
adjoint fields related to the backward propagating wave.
The quotient is the ratio between the energy stored in
the fields active component (Eocy) and an expression
similar to the total modal energy [76]. The integral in
the nominator is only evaluated over the slot’s active re-
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