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Plasmonic Electro-Optic Modulators — A Review

J. Smajic

Abstract—Electro-optical modulators are key components in
photonic communications, and they are decisively important for
the quality and data transmission rates. They encode information
by modulating the amplitude, phase, frequency or polarization
of an optical wave in response to an electrical field. This paper
offers a detailed review on plasmonic modulators, their structure,
variations, capabilities, and figures of merit.

Index Terms—Plasmonics, modulators, integrated optics.

I. INTRODUCTION

LECTRO-OPTICAL (EO) modulators bridge the
Eelectrical and optical world in optical communications
systems [1]. Data are usually generated and received in the
electronic world, but transmission is performed in the optical
domain. Meanwhile electro-optical modulators encode data
for transoceanic links but as well for short reach interconnects
in data centers. Soon, they are expected to encode data for
on-chip optical interconnects [2], [3]. Beyond communications,
electro-optical modulators are increasingly pivotal in sensing
high frequency radio [4] or THz signals [5].

Ultimately, the success of electro-optical modulators depends
on a few performance factors. Among which are a high fre-
quency response, low power consumption, low optical losses,
thermal stability, a small footprint, the extinction ratio, inte-
grateability with CMOS but also ease of fabrication and cost
[1], [6].

The operating principle of an EO modulator relays either on
an electro-refraction (ER) effect, or on an electro-absorption
(EA) effect. While the former effect exploits an external electric
field for changing the refractive index of the optical medium
(the Pockels effect [1] - also known as the linear-electro optical
effect, the quadratic Kerr effect, or the plasma dispersion effect),
the later effect utilizes an external field for changing absorption
in semiconductors (the Franz-Keldish effect, quantum confined
Stark effect, or free-carrier absorption) [6], [7].
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Silicon photonics is presently widely accepted as the most
promising platform for developing EO modulators compatible
with the standard CMOS fabrication technologies. Due to the
absence of the Pockels and Kerr effect in silicon, silicon modu-
lators operate by utilizing the plasma dispersion effect. Despite
of its bandwidth limitations [8], this effect in a Mach-Zehnder
modulator enables data rates of 70 Gbit/s [9] and reaches even
224 Gbit/s if integrated within more complex configurations and
by the help of advanced coding [10]. It is also worth mentioning
that there are some intrinsic problems associated with silicon
limiting sometimes its applications. For instance, the effect of
parasitic two-photon absorption at the wavelength of 1.55 ym
(despite of the single photon absorption limitat 1.1 gmin silicon)
could be an obstacle in high power applications [11]. Addition-
ally, silicon exhibits a high thermo-optical coefficient, which is
a considerable problem for phase-sensitive applications.

To overcome the mentioned speed limitations of the plasma
dispersion effect, one may use the Pockels-effect instead. Un-
fortunately, materials with a sufficiently large Pockels effect are
incompatible with silicon. One therefore typically resorts to a
hybrid integration of photonics with the nonlinear material. Most
prominently, the thin-film lithium-niobate (LiNbO3) technique
has attracted quite some attention. Yet, the nonlinear coefficients
of LiNbOs are relatively small. BTO offers higher nonlinearity —
but at the price of a more complex fabrication [12]. Alternatively,
organic materials [1] offer highest electro-optical effects. In
response the so-called “silicon-organic hybrid (SOH)” platform
has emerged [13], [14]. Here, a silicon slot waveguide is filled
with an organic electro-optical (OEO) material offering a high
x®-nonlinear Pockels effect [15]. With this technology data
rates of 192 GBd [16] and bandwidths up to 100 GHz [17] have
been shown. And while all these hybrid integration approaches
have led to remarkable successes, they are all fundamentally
low-pass-filter limited. Due to the relatively low level of E-field
confinement in the active area, the required length of modulators
typically is huge exceeding 100 s and sometimes requiring
lengths of 1000 s pm. This results in walk-offs between op-
tical and electrical fields. Such walk-off may be overcome by
dispersion engineering of both the RF and optical field. Yet,
the RF field will still attenuate if the electrodes are excessively
large. Speed is thus fundamentally limited despite of various
mitigation techniques [17], [18].

Plasmonic EO modulators capable of subwavelength optical
field confinement between the metallic electrodes offer a solu-
tion to the bandwidth problems. Plasmonic optical waveguides
offer an unprecedented level of E-field confinement in the active
modulating region leading to a short modulating path in the
order of 10 pum [19], [20]. As a consequence, we can operate
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Fig. 1.
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SU = Substrate

E = Electrode

MS = Modulator Slot
WT = Waveguide Taper
PRW = Photonic Waveguide
RF = Radio Frequency

(a) Horizontal- and (b) vertical-stack arrangement of an EO plasmonic modulator. An optical wave is guided in and out of the modulator by means of

silicon photonic waveguides. The active area is confined to a slot within a plasmonic metal-insulator-metal (MIM) waveguide. The size of the photonic mode is
adjusted to the plasmonic mode by a tapering section. At the input and output we have depicted an optical continuous wave (CW) input E;-field component and
its phase modulated output counterpart (red). The corresponding RF signal (green) used for phase modulation is also visualized. More details can be found in the

text.

them as lumped modulators only speed limited by the RC-time
constant and no longer limited by walk-offs [14]. Since these
capacities are orders of magnitude lower over the values of tra-
ditional modulators, bandwidths in excess of 500 GHz have been
consequently measured [4]. Along with this comes an extremely
small footprint that can be as small as a few zm? for the whole
modulator [21]. Also, record low energy consumption in the
atto-Joule range have been found [22]. The many advantages of
the plasmonic approaches come at the price of higher losses, yet,
latest plasmonic ring modulators feature low on-chip losses of
1.2 dB [23] and new low loss approaches emerge [24], [25].

The Pockels-effect may come from a large variety of differ-
ent electro-optical materials. Historically, electro-optic organic
materials were used first, which led to the term “plasmonic
organic hybrid (POH)” approach [26]. Meanwhile also ferro-
electric BTO and LiNbOj3 plasmonic modulators have emerged
[20], [27], [28]. These modulators are of interest when thermal
stability might be an issue as they have already shown to sustain
temperatures up to 250 °C [20]. More recently, plasmonic mod-
ulators have been fabricated on the silicon nitrate (SiN) platform
[27]. The SiN platform promises resilience to high input powers,
offers a wider transparency window, thermal robustness, lower
index contrast between core and cladding and consequently
larger fabrication tolerances, and very low propagation losses
[29].

This paper focuses on plasmonic EO modulators, presenting
in detail their most promising variants, their operating princi-
ples, features, figures of merit, and summarizes the most recent
results.

The paper is structured and organized by following a top-down
approach. Section II presents the physics of the horizontal and
vertical stack plasmonic EO modulator. Section III reviews the
building blocks of the modulators described in the previous
section, i.e., it contains a theoretical basis of a silicon photonic
waveguide and it’s tapering into the modulating slot, a dispersion
diagram and modes of a plasmonic horizontal- and vertical slot
waveguide, and a theoretical background of surface plasmon po-
laritons (SPP) essential for the plasmonic modulator. Section IV
reviews the modulator features and figures of merit and presents
state-of-the-art results. Section V concludes the paper.

II. PLASMONIC WAVEGUIDE STRUCTURES

Plasmonic EO modulators comprise of a metal-insulator-
metal waveguide (often called a plasmonic slot-waveguide).
They can be realized within a horizontal or vertical stack layout
[30], as presented in Fig. 1. The insulator layer then is the active
region of the modulator, see Fig. 1(pink). This insulating slot is
filled with a Pockels-material, characterized by &,.(F). In both
arrangements, the slot is surrounded by two metallic electrodes.
They not only confine the optical field into a plasmonic field
but also guide the RF-field used for modulating the optical wave
that drops off across the same region.

In the implementation of Fig. 1, the optical wave (carrier) is
launched through strip or ridge waveguides into the modulator.
Likewise, these waveguides are again used to couple the light
back to a fiber.

The field in the modulator can be described by the following
equation

B¢ (7, L) = B (7, 0) /P (E)E, 1)

where L is the modulator length, 7, = (z, y)T is aposition vector
of an arbitrary point within a transversal plane at position z (0 <
z < L) of the modulator, E¥ (7, L) is the transversal electric
field of the optical wave at the end of the modulator’s active
region, E%(7,0) is the transversal electric field of the optical
wave at the beginning of the active region and 3 (EQ) is the
propagation constant of the optical wave propagating through
the modulator active region. It depends on the electric RF-field
E< that is due to the RF-voltage Urr dropping off across the
electrodes

For guiding light through the modulator, the modulator with
its active region and field enhancing electrodes forms a plas-
monic optical waveguide. As visible in Fig. 1, the optical strip
waveguide is usually considerable larger than the plasmonic
waveguide (400 nm vs. 100 nm) which makes waveguide ta-
pering regions necessary before and after the modulator.

To visualize the modulation effect we have depicted a con-
tinuous optical wave at the input waveguide (red), a modulating
RF-voltage between the electrodes (green), and the correspond-
ing phase-modulated optical wave (red) at the output, see Fig. 1.
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Fig. 2.

Excitation of a SPP at the surface of an insulator-metal interface. (a) Figure of the interface with the used materials. (b) Real- and imaginary part of

dielectric permittivity of gold versus vacuum wavelength. (c) Dispersion relation of a plasmonic TM-mode at a metal-insulator interface. (d) The magnetic H , field
of the TM-mode at a free-space wavelength 1.5 um, and (e) the corresponding electric field components E and E, evaluated along the dashed line in (d).

There are fundamental differences between the horizontal-
and vertical-stacks. The vertical stack not only offers advan-
tages in fabrication (lower surface roughness) but are also more
resilience against high-input powers as plasmonic propagation
losses only depend on the distances of the active layer but not the
slot width [31]. Differences of the field can be seen by looking
at the modal field distributions in different transversal planes of
Fig. 1. Itis evident, that the modal E-field of the plasmonic mode
in the horizontal- and vertical-stack arrangement is parallel re-
spectively perpendicular to the substrate. For efficient coupling
of the optical strip waveguide mode by tapering into the plas-
monic mode of the modulator, different modes have to be used,
namely the TEqq (horizontal-stack) and TMq (vertical-stack)
modes.

III. PLASMONIC AND PHOTONIC WAVEGUIDES

The plasmonic slot waveguide structure has been introduced
in the previous section. Here, we deal with its physics, the
propagation of fields and the dispersion relations in plasmonic
and photonic waveguides [30], [31].

A. Plasmon Polaritons

Collective oscillations of free electrons within a metallic
crystal lattice excited by an external optical radiation lead to
the formation of Surface Plasmon Polaritons (SPPs) [32] or
Localized Plasmon Polaritons (LPPs) [33]. Both effects describe
the coupling of an electromagnetic wave to the free electron
gas of a metal and thereby exciting plasmonic oscillations. The
quasiparticle of an electromagnetic wave coupled to electrons is
then called a polariton. If coupled to a metallic surface it may

propagate along the surface (SPP), if coupled to a small metallic
particle the polariton is localized (LPP).

It is instructive to first visualize how a SPP TM-mode prop-
agates over a gold-cladding surface, see Fig. 2. Gold has a
complex permittivity (¢) with a negative real part over the entire
optical and infrared wavelength range, see Fig. 2(b) [34]. The
imaginary part of the relative permittivity is also considerable
and causes material losses when exposed to an electromagnetic
wave.

Simulations have been performed for a SPP TM-mode, at
a wavelength of 1.5 pum. For the simulations we have chosen
the measured permitivities of gold, see Fig. 2(b), and a typical
organic EO material [35]. To find the propagation constant of
the SPP mode one needs to solve the Helmholtz equation at the
interface. I.e. one starts by putting down the Ansatz of (1) for
the two materials, inserts the Ansatz into the Helmholtz equation
and employs the boundary condition at the gold-OEO interface.
The dispersion relation for the SPP TM-mode then is [32]

w

Er1€r2
—_ 2
cVenten @

Bspp = —

where €,.1 and ¢, are the relative dielectric permittivities of the
coating (EO) and gold, respectively, w is the angular frequency
of the mode, c is the speed of light in vacuum, and Sgpp is the
complex propagation constant of the SPP. Numerically, one will
find the dispersion relation S(w) of the SPP mode, see Fig. 2(c).

The TM mode of the SPP with field components (H ., E,., E,))
has been plotted in Fig. 2(d) and (e).

The amplitude of the wave doesn’t visibly decay along
the propagation path due to the low imaginary part of the
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Dispersion relations and field distributions of horizontal- and vertical-stack plasmonic waveguides (PWG). (a) Waveguide cross-sections and dispersion

relations. Fields of guided modes of (b) horizontal and (c) vertical stack plasmonic structure for a free-space wavelength A = 1.5 um. Here, E, is the z-component
of the electric field, F; is the transversal electric field vector, H is the z-component of the magnetic field, H; is the transversal component of the magnetic
field, 8 = Re(B) + jIm(B) = By + jBi is the complex propagation constant of the plasmonic waveguide, and OEO represents the chosen organic electro-optical

material between the golden electrodes.

propagation constant (2) ( Bspp = 8.9 + 50.02 pm ™) rep-
resenting the material losses in gold.

Fig. 2(e) shows also the importance of the SPP TM-mode
for the field enhancement purposes as the electric field has
a pronounced normal component (in this case L) which is
essential for the field enhancement purposes.

B. Plasmonic Waveguides

Similar as above one can solve the Helmholtz equation for the
plasmonic slot waveguides presented in the inset of Fig. 3(a).
The slot waveguide is placed on a substrate (SiOs). Two thin
metallic electrodes form the plasmonic waveguide. Within the
slot is an EO material. For the given geometry of the waveg-
uides, see Fig. 3(a), a vector FEM eigenvalue analysis [36] has
been performed and the corresponding dispersion relation and
Eigenfields are presented in Fig. 3(a)—(c).

The dispersion relations in Fig. 3(a) reveal the following
important information: (i) The odd plasmonic mode that guar-
antees the field enhancement in the gap has no cutoff within the
desired optical frequency range (which means, that the mode in
the slot can be squeezed to any small size limited only by the
dielectric breakdown voltage); (ii) The propagation constant of
the plasmonic mode is a complex number. Its real part gives an
idea on the SPP wavelength

2w

A = 3
SPP = (Bsrp) 3)

From Fig. 3(a) it can be seen that the SPP wavelength is
smaller than a photonic wavelength. (iii) The imaginary part
represents the plasmonic losses. A decay to 1/e of its intensity

is given by

1
Lijo=—.
Ve ™ Im (Bspp)

The plasmonic losses increase with higher optical frequen-
cies; and (iv) The vertical-stack waveguide (dashed) offers a
somewhat lower propagation losses than the horizontal-stack
waveguide (solid).

Fig. 3(b) and (c) show the electric and magnetic field of the
fundamental plasmonic modes of the horizontal and vertical
structures, respectively.

The ideal geometry of a plasmonic waveguide [30] needs to be
found by means of extensive simulations. It needs to be designed
as a compromise between mutually conflicting requirements,
such as maximization of the field interaction between electrical
and optical fields, and minimization of the propagation losses
and strength of the nonlinear materials in thin films [35]. But, it
is also impacted by the slot-etching capabilities of the available
manufacturing equipment, etc.

“)

C. Photonic Waveguides

The optical wave is usually launched into a plasmonic wave-
guide through a tapering section, as depicted in Fig. 4. The
photonic waveguide is considerably larger than the plasmonic
waveguide. Its dispersion diagrams of the TM and TEy modes
are calculated by using a similar vector FEM eigenvalue solver,
as in the previous case of plasmonic waveguide. The curves
presented in Fig. 4(b) reveal the cutoff frequencies of the guiding
modes that are obtained as a crossing point of the SiO5 light line
and the modal dispersion curve, which practically means that
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mode. (b) Transversal and longitudinal E- and H-fields of the TEgg mode, and (c) transversal and longitudinal E- and H-fields of the TMo mode, both being
computed at the free-space wavelength A = 1.5 pm . The cutoff frequency of the TEpg mode is slightly above 150 THz and of the TMp mode slightly below
200 THz. The cutoff information is essential for choosing the optical frequency range of the modulator.

TABLE I
(ADAPTED FROM [15] AND [43]) PERFORMANCE OF OEO MATERIALS IN POH
MODULATORS
Material Year | 135 [pm/V] T, [°C]
BAH13 (thin-film) 2022 208 90
JRDI (thin-film) 2022 123 82
BAH13 (bulk) 2022 620 66
JRDI (bulk) 2022 560 82
PerkinamineTM (thin-film) [43] 2024 180 170

T, is the glass transition temperature of the material

below the cutoff frequency the optical wave leaks out of the
rectangular Si-core into the substrate. Thus, photonic waveg-
uides have a cutoff frequency and with this also a minimum
dimension in contrast to plasmonic waveguides.

It is important also to explain the need for computing both the
TEgo and TMy modes. First of all, the names TE and TM are
not properly used in this context due to the fact that the guiding
modes are hybrid, i.e., they do have longitudinal £, and H, field
components, as shown in Fig. 4(b) and (c). However, Fig. 4(b)
shows that the maximum of the E,—field is four times lower
than the corresponding maximum of the transversal E;-field.
A similar ratio can be observed also between the H ,-field and
H,-field in Fig. 4(c). The said dominance of the transversal- over
longitudinal fields, justifies the widely used TE and TM naming
convention.

Secondly, the TEyy mode has the transversal field E; polarized
in the horizontal direction. This is similar to the distribution
of the transversal field of the plasmonic waveguide shown in
Fig. 3(b). This enables the mode coupling from the photonic
into the plasmonic waveguide. A similar logic can be applied to

TABLE II
(ADAPTED FROM [41], AND [42]) PERFORMANCE OF BTO AND LN THIN FILMS

Material Year Teff Taz
[pm/V] [pm/V]
Barium Titanate (BTO) at 100 MHz | 2023 318 1030
Barium Titanate (BTO) at 100 GHz | 2023 231 390
Lithium Niobate (LN) 2023 27 -

Tegy results as reported in [42]
T4, results as reported in [41] and [42]

the TM(p mode with its transversal E; component being polar-
ized vertically similar to the vertical-stack waveguide shown in
Fig. 3(c).

D. Photonic-to-Plasmonic and Plasmonic-to-Photonic
Converter

In addition to the radically different geometrical dimen-
sions of the photonic and plasmonic waveguide, the dispersion
diagrams shown in Fig. 4(a) and 3(a) reveal considerable differ-
ences in the propagation constants of the modes. The geometrical
and propagation constant difference require tapering regions for
an adjustment of the propagation constants and a smooth modal
transition from the large photonic to a much smaller plasmonic
mode. This is on its own, a very difficult task that must be carried
out by means of 3D electromagnetic simulations.

The tapering section before and after the modulator must
be optimized in such a way that the transmission coefficient
between the input and output ridge waveguide (measured by
the S-parameter S,;) is maximized, or, in other words, that the
insertion loss of the modulator is minimized.
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For solving the said problem, the following procedure can be
applied. A 3D electromagnetic simulation model including short
sections of the photonic and plasmonic waveguide along with a
tapering region in between should be used. Several geometrical
parameters should be varied, such as tapering length, order of
tapering transition (linear, quadratic, etc.), height, etc. The simu-
lation model should be coupled with a deterministic or stochastic
optimization algorithm for governing the improvement in such
a way that an optimal solution with lowest insertion loss within
the variable limits is found [37].

Several examples of simulation based design of the tapering
region between the photonic and plasmonic waveguides exists
in the literature, such as for example the papers [38], [39], [40].

IV. MODULATOR FEATURES AND FIGURES OF MERIT
A. Electro-Optical Materials
The refractive index change of a Pockels material is related
to an induced electric field Ef by [30]

1
Anmat ~ _§n§n,atreffEﬂ 4)

where 7, is the refractive index of the material, 1. is the
“effective” Pockels coefficient, and E** is the external electric
field.

It is important to mention that electro-optical materials are
usually anisotropic. The Pockels coefficient therefore has the
form of a Pockels EO tensor r;; in a 3D coordinate system
of the material’s crystal lattice. And as a matter of fact the
overall refractive index change along an axis ¢ due to a field
along the axis £’ may consist of multiple contributions from
the RF electrical fields along the direction E,? [30]

Any _kz_l”i+"j E ()

Thus, depending on the orientation of the material in the active
region of the modulator, we have an average statistical behavior
of different material domains described by the effective Pockels
coefficient r¢ ¢y in (5).

For OEO materials, the effective Pockels coefficient can be
very well approximated as 7.y = r333 because this element is
dominant in the Pockels EO tensor. For comparison, the values
of the Pockels coefficients of different OEO materials are given
in Tabel I, adapted from [24].

Contrary to OEO materials, ferroelectric materials such as
BTO have no a dominant component of the Pockels tensor. It is
therefore not surprising that r. s y depends on the crystalline ori-
entation and direction of both E** and E“. Often the crystalline
c-axis of BTO is maximized by choosing the waveguide 45°
off against the optical field-axis leading to a more complicated
relation [19]

1
Tefr = ——= (7113 + 333 + 21 . 7
1= 57 (7113 + 7333 232) (7
The BTO Pockels coefficient has recently been measured with
respect to its frequency [41], [42]. These measurements revealed
quite a frequency dependence for its largest r4o component.
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Those results are presented in Table II. For the reference, the
measured value of Lithium Niobate (LiNbQO3) used in the com-
mercially available modulators is also presented. It is evident
that LN lags considerably behind both the OEO materials and
BTO.

The OEO materials have been tested for operation at cryo-
genic temperatures [44] as well for operation at elevated temper-
atures. OEO materials have been tested for long term operation
at 85 °C [23]. The company Polariton Inc., that sells these
modulators, has performed long term stability tests. They report
in [45] a continuous modulation for 5 hours at 85 °C and 100
GBd NRZ and reliable operation for 6 months at room temper-
ature. At cyrogenic temperatures the OEO materials shows an
electro-optic coefficient that is reduced by about 10%. An inter-
esting characteristic of the OEO material is that its temperature
coefficient has the opposite sign of silicon. This results in a stable
operation of resonant structures such as ring modulators when
the temperature of the rings changes [23]. The BTO plasmonic
modulators have been operated at 130 °C and no degradation has
been found [19]. They have further been exposed to temperatures
up to 250 °C and no degradation was found when removing them
from the oven [19]. Photonic BTO modulators have also been
tested for operation at cryogenic temperatures. They have shown
to operate at temperatures of 4K. The effective electro-optical
coefficient though drops to below 200 pm/V at dc voltages.

B. Plasmonic Modulator Configurations

The simplest possible arrangement utilizing the described
plasmonic modulator is shown in Fig. 5(a). This is a phase
shifter [46]. It encodes a phase modulation onto a signal in
the complex constellation plane. The effect of the RF-signal is
visible in the optical spectrum showing the optical carrier (f,,)
and the side bands (f,, + fo).

To achieve amplitude modulation instead of phase modula-
tion, one combines two phase shifters into a Mach-Zehnder
modulator (MZM), see Fig. 5(b). The voltage sources U; and
—U, (push-pull operation mode) are then used for imprinting the
RF signal onto the optical carrier in the two arms. In this opera-
tion mode the MZM provides a chirp-free amplitude modulation.
To fine tune the phase between the optical paths on the arms one
may apply an offset DC-bias to the voltage sources or add offset
phase-shifters in the arms. In plasmonics such MZM can be as
compact as 10 ym in length (including the 1x2 combiner, the
photonic-to-plasmonic converters, the plasmonic phase-shifters
and the 2x1 splitter) [19]. Already early MZM were operated
at 120 Gbit/s with an estimated energy consumption of only
860 aJoule/bit [47].

Plasmonic MZMs have been tested for their performance
with both organic and inorganic BTO materials. Thereby record
transmission rates of 205 GBd and line-rates of 432 Gbit/s have
been reported for PAM-8 modulation with plasmonic-organic
hybrid modulators, [48]. For plasmonic BTO modulators we
recently reported 216 GBd for PAM-2 modulation in Ref. [27],
see Fig. 6(a) and 256 GBd in Ref. [49].

Also plasmonic IQ modulators have been implemented.
This way one can encode advanced modulation formats at
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(a) Phase Shifter

(c) 1Q Modulator

Inphase MZM

Coupler

ECL

. Coupler W LM ( Coupler i
= U

Fig.5. Different plasmonic modulator (PLM) configurations: (a) Phase shifter
arrangement including an external cavity laser (ECL) with PLM and a display of
apossible constellation; (b) Mach-Zehnder modulator (MZM); (c) IQ modulator
capable of encoding complex modulation; (d) Plasmonic race-track modulator;
and (e) plasmonic ring-assisted MZM.
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TABLE III
(ADAPTED FROM [22]) PERFORMANCE OF DRIVERLESS PLASMONIC 1Q
MODULATOR
Data Rate Symbol Rate & Peak-to-peak Energy
[Gb/s] Modulation Driving Voltage Consumption
[V] [f1/bit]
50 50 GBd 4QAM 0.145 0.07
200 50 GBd 16QAM 0.567 0.30
400 100 GBd 4QAM 1.480 2.00

The optical on-chip losses: 11-15 dB, operation up to 75°C [22].

highest symbol rates. For an IQ modulator one combines two
MZMs. The first MZM provides the encoding of the inphase
(I) signal and the 2™ MZM, which if offset by a 7/2-phase
shift provides the quadrature (Q) phase encoding, see Fig. 5(c).
The various offset-phase shifters within the configuration are
used to optimally adjust the operating points of the MZMs. IQ
modulators are needed to encode information in the complex
constellation plane.

As an example plasmonic IQ modulators 400 Gb/s 16 QAM
signals have been encoded at 100 GBd [22]. Even for such high
data rates the power consumption was as small as 2 fJ/bit when
operating the device with a peak-to-peak driving RF voltage
of 1.48 V measured by a 50 Q2 oscilloscope. When encoding
50 Gbit/s by a4 QAM at 25 GBd the power consumption dropped
to as little as 70 aJoule/bit. The required peak-to-peak voltage
was as low as 0.145 V. A summary of the performance of the
IQ modulator with an organic active electro-optical material as
demonstrated in Ref. [22] is presented in Table III. It should
be stressed, that peak-voltages below 1 V enable driverless
operation.

Rather than MZM modulators one may deploy ring modu-
lators [21], [23]. The resonant configuration enables operation
with even lower power consumption as one may modulate the
signals at an operation point with a steeper transfer function.
Also, one can operate them with lower losses as a fraction of
the signal can “bypass” the plasmonic ring [21], [50]. Ring
modulators are accompanied by a chirp during operation. L.e.
when modulating the amplitude one also modulates the phase.
The symbols are then not symmetrically distributed in complex
space, see Fig. 5(d). Ring modulators are however ideal for
on-off keying and PAM operation.

In a recent implementation an undercoupled racetrack mod-
ulator was implemented, Fig. 6(d). With this device unprece-
dented low on-chip device loss of —1.2 dB was shown and
operation of 220 Gbit/s 2PAM and 408 Gbit/s 8 PAM was
demonstrated [23]. Operation at 408 Gbit/s was performed with
as little as 12 fJ/bit and a peak-to-peak voltage of 1.2 V. Ad-
ditionally, high thermal stability was shown as the permittivity
of the silicon waveguides and the plasmonic section featured
opposite temperature coefficients [23].

Variations to these configurations exist. For instance, it was
shown that a MZM can be complemented by a resonant ring
to further increase the steepness of the transfer function and
to further reduce the required voltage [51]. In this so-called
ring assisted MZM, presented in Fig. 5(e), 220 Gbit/s 2PAM
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Examples of fabricated plasmonic electro-optical modulators: (a) Plasmonic Mach-Zehnder modulator fabricated on the silicon nitrate (SiN) platform

comprising BTO (green) as an active material between electrodes (yellow). Encoding of 256 GBd data was already demonstrated [27], [49]; (b) and (c) Frequency
response of BTO MZM. The BTO electro-optic coefficient drops between 1 and 10 GHz, see [42]; (d) Plasmonic racetrack modulator fabricated on the silicon-
insulator platform comprising an organic electro-optical material in the active area. Operation up to 408 Gbit/s with as little as 0.6 V, has recently been demonstrated
[23]; (e) The frequency response of the plasmonic organic hybrid ring modulator; (f) Plasmonic organic MZM with (g) a flat frequency response (beyond 500 GHz)

as presented in [4].

modulations were shown with as little as 1.0 V peak-to-peak
voltage [52].

C. Modulator Figures of Merit

To gain better insights into the efficiency of modulators and
their relevant parameters we move on to the important modulator
figures of merit.

The phase shift accumulated by an optical signal when passing
along a modulator with an effective refraction index n.ys; is
given by

A(p = AB-L Zko AneffL (8)
where Af is the change of the propagation constant, associated
to the change of the effective group refractive index change
Aneyysg, ko the vacuum wavenumber, and L the modulator
length.

By comparing (8) against (5), a very important question
arises. What is relation between the effective group refractive
index change An.y due to the RF modulating field E and its
corresponding material index change An,;,q¢.

The value of An. s, depends on the material refractive index
change An,,,q+ as given by the applied electric field but also on
the interaction between the optical field and electrical field in the
active section. This can be expressed by an interaction factor
[30]

A Neff = Anmat - 9
whereby its value can be given by [30]
d 1 Q| w2
_— E;\EY ) dxdy
[~ _Unr Z ff(Am) |EZ | (10)

ff(Am) Re (EW X ﬁw*> .é’zdxdy.

The numerator in (8) represents the overlap of the RF-field
with the optical power. Here, A, is the modulator active cross
section area, A;,; the area through which the optical wave
propagates, 7% = Z/Nmaz is the wave impedance of the optical
field in the modulator material. It normalizes the optical field
E¥ in the numerator to a power. The term Ugp/d with d
being the modulator gap thickness, normalizes the RF field E'g
in the numerator across the plasmonic slot. The denominator
normalizes the optical power of the plasmonic mode. The plot
in Fig. 7(a) gives an idea on the interaction factor as a function
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Important modulator figures of merit of a plasmonic phase shifter for a horizontal (dashed) and vertical (solid) plasmonic stack. Calculations are shown as

a function of the slot width for different active materials with refractive indices 1,4+ varying between 1.7 and 2.3. The plots show (a) the field interaction factor,
(b) the modulation efficiency in terms of the V; L figure of merit, (c) « the loss per micrometer, and (d) the combined V Lo figure of merit (adopted from [30]).

of slot width, refractive index of the active material (lines with
different colors) and the geometry (horizontal slots are dashed,
vertical slots are solid). Having (10), it is possible to combine (5)
with (8)—(10) in order to obtain the following important equation

Urr

1
Ap ~ ikonf’mtreffT 'L (11)

Equation (11) is relevant to derive the modulator’s figure of
merit V ;. L (often called modulation efficiency)

2rd B ard
kongairers U myress T

~
~

VL (12)
where A is the free-space optical wavelength and V; is the voltage
Urr of the RF signal required for reaching a phase shift Ap =
7. Since length can be traded in for V; this is indeed a useful
figure of merit. From the plotin Fig. 7(b) one can see that keeping
the slot width small results in lower VL.

In addition to the modulation efficiency (12), the loss factor
« = (; along the plasmonic waveguide is another important
figure of merit

Etw (74, L) = Et“ (74, 0) e‘“LejBr(EQ)L, (13)

where the complex propagation constant of the plasmonic wave-
guide is rewritten by Spwe = 5, + ja. The plots in Fig. 7(c)
show that losses increase with smaller slot widths. The loss factor
is sometimes combined with the modulation efficiency forming
the V . L« value, as shown in Fig. 7(d).

Applying the above figures of merit to electromagnetic field
simulations, one obtains the interesting results in Fig. 7, [30].
Here, vertical (solid lines) and horizontal (dashed lines) plas-
monic stacks were compared against each other with respect to

the slot width as a parameter. Fig. 7(a) shows how reducing the
slot width leads to a higher field interaction factor I'. According
to (12) this should yield lower VL. And indeed, VL can
become as small as 100 Vum, Fig. 7(b). The loss factor «,
however, is increased with smaller slot widths, as visible in
Fig. 7(c). This is expected, because higher field confinement
means higher plasmonic losses in gold due to its complex
dielectric permittivity. And despite of the increased losses, the
overall performance captured by the V. Lac shows that smaller
slot widths provide better performances, Fig. 7(d).

This result has been experimentally confirmed in [35], where
the device with the slot width of 70 nm has the best performance
in the experiment. However, going to even smaller slot width
seems unrealistic to fabricate and results in worse efficiencies
due to surface effects [35]. Someone could think that smaller
slot widths could lead to higher capacitances which could reduce
the frequency limit of the modulator due to its low-pass (1/RC')
frequency characteristic. However, this is not a problem, since
the device has an extremely small length and height, still having
a flat frequency response up to at least 500 GHz [4].

Fig. 7 also shows evidently that the vertical stack arrangement
outperforms its horizontal counterpart in all their variants. This
can be explained by lower confinement of the optical field in the
larger slot space having the same confinement of the RF-field
determined only by the slot width. This is why the vertical stack
is more appropriate for high optical power applications.

The presented theoretical and simulation results are validated
multiple times by comparison against measurements and a very
good agreement was found. For instance, in Ref. [19] we report
a plasmonic modulator with VL values as low as 60 V pm.
Considering the complexity of fabrication and measurements
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on one side and uncertainties in modeling and simulation on the
other side the reported values may be considered a good match
with the simulation in Fig. 7(d).

D. Modulator Optimization

The goal of a modulator design is to minimize the afore-
mentioned VL value. Equation (12) shows that VL can be
minimized by (a) transitioning to materials with a higher Pockels
effect (which is obtained in plasmonics by the choice of organic
electro-optical materials and ferroelectric materials with a high
Pockels coefficient); (b) Designing the plasmonic waveguide
with the smallest possible slot d, which is achieved in plas-
monics because plasmonic slot waveguides can be minimized
as there is no cut-off wavelength. (Plasmonic slots are typically
a factor 4 smaller than what is possible with photonics); and
(c) Developing the plasmonic waveguide with the highest pos-
sible field interaction factor I" (again, it needs to be stressed that
plasmonic interaction factors are a factor 5 to 10 larger than
photonic interaction factors).

At this point the authors would like to stress that the V
is an ambiguous figure of merit. It would be better to spec-
ify the required on-off voltage of a device. So, for instance,
Mach-Zehnder modulators are usually driven in the push—pull
operation mode. There, opposite voltages are applied over each
arm, resulting in Vou/or = 1/2 - V. Further, when using
plasmonic modulators, which can be treated as lumped, open
circuit capacitors without a 50 €2 termination, one benefits from
another factor 2, see Ref. [14]. Also, driving the lumped elements
in a differential way adds another factor of 2, see Ref. [47]. If all
these design and optimization tricks are used one can modulate
a MZM from on-to-off by as little as Vo /0 = 1/8 - Vo [47].
And indeed in said Ref. [47] we report operation of plasmonic
MZM:s with peak-to-peak voltages V,, as little as 0.178 V in a
120 Gbit/s PAM2 experiment. The required swing of a CMOS
circuit then as a matter of fact is only half as large, i.e., V|, =
89 mV. The power consumption was calculated to be as small
as 862 al/bit.

E. Frequency Response

The frequency response of a modulator depends on multi-
ple factors. They are material related but also depend on the
configuration.

First, the electro-optical coefficient — the Pockels coefficient
—is frequency dependent. At lower frequencies and up to a tens
of MHz it is dominated by the piezoelectric effect and lattice
vibrations related to acoustic phonons. At higher frequencies
the ionic movements dominate (optical phonons) contributions
dominate. They might contribute up to a few THz. The highest
frequency components are typically due to electronic resonances
which have contributions up to the PHz. Organic materials
owe their nonlinearity mainly to the electronic contributions.
They therefore offer some of the largest frequency responses
up to highest speed. Ferroelectric materials typically owe the
nonlinearity to ionic resonances.

Second, the frequency response depends on the configuration.
Normal modulators with travelling wave electrodes are normally
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limited by the walk-off between optical and electrical wave.
Plasmonic modulators are RC-limited.

The plot in Fig. 6(b) and (c) show the frequency response of
a BTO plasmonic modulator. The frequency response between
1 and 10 GHz is an inherent drop and is BOT material related
(drop of ionic movements). Afterwards the response remains flat
up to at least 100 GHz.

The plot in Fig. 6(e) show the frequency response of a plas-
monic organic modulator. Its response remains flat up to and
beyond 500 GHz.

F. Implementation Examples

Plasmonic modulators can be implemented on a wide range
of platforms with a wide range of Pockels materials. They
can be implemented as plasmonic BTO modulators (Fig. 6(a),
[19]) or plasmonic organic modulators (Fig. 6(d), [23].). They
have been implemented in Mach-Zehnder, [Q-modulator, ring or
ring-assisted modulator configurations. We now leave this clas-
sical modulator implementations and rather focus on plasmonic
modulator implementations that are unique to the plasmonic
technologies and that would be difficult — if not impossible to
be implemented in any other technology.

Ultra-dense modulator arrays: In Ref. [53], plasmonic mod-
ulators were arranged at a pitch of 24 pm. This way they have
been delivering 0.8 Tbit/s on an ultra-compact 90 ym x 5.5 pym
footprint. As shown in Fig. 8(a), this solution enables coupling
of modulated light into a multi-core fiber. The solution required
circular gratings for directing the optical radiation from and into
amulti-core fiber and straight into the plasmonic modulator [53].

All-metallic Plasmonic Modulator: (to be stacked on a
CMOS chip): Fig. 8(b) features another interesting example, by
following [54]. This shows that by going to an all-metallic plas-
monic modulator technology one can fabricate the modulators
on any substrate. The all-metallic device encompasses vertical
grating couplers, splitters, polarization rotators and active phase
shifters in a single metal layer. Light is coupled in and out
through a multicore optical fiber [54]. An organic elector-optical
Pockels-material has been used. This technology was later on
used to directly fabricate plasmonic modulators on a BICMOS
chip [56]. Thereby the electrical high-speed signals could be
passed on through vias from the electronic to the plasmonic
layers stack. This way the first monolithic 180 Gbit/s electronic-
plasmonic photonic could be demonstrated [57]. It so far remains
the most fast electronic-photonic PIC.

Plasmonic RF-to-Optical Antenna: Last but not least, it is
possible to combine a plasmonic modulator and a mm-wave
antenna with a pronounced field enhancement capabilities, as
presented in [58], [55]. This enables future field sensors capable
of detecting and measuring RF waves up to highest frequencies.
A first 2.5 THz sensor has already been demonstrated [5].

G. Fabrication

Details on the fabrication of the various implementations have
been given in the respective publications. Here, we can outline
the general fabrication steps for the sake of completeness.
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Advanced implementation examples of plasmonic modulators. (a) 4-channel plasmonic modulator array. Modulators were arranged at a pitch of 24 pm.

Operation at 4 x 200 Gbit/s was shown [53]; (b) Plasmonic modulator monolithically integrated on top of BiCMOS layer stack. This way 180 Gbit/s on-chip
modulation was demonstrated in single chip [57]. The plasmonic modulator built by a single metal layer is shown as an inset [54]. (c) Plasmonic modulator
embedded into the slot of a bow-tie antenna for sensing RF fields up to 500 GHz [55] and even 2.4 THz [5].

Fabrication of the plasmonic organic hybrid (POH) devices
[19] is performed on traditional silicon photonic wafers. In a
first steps the silicon waveguides are defined. Subsequently, the
plasmonic gold waveguides and electrode pads are defined by
means of electron beam lithography (EBL). Given that plas-
monic waveguides have dimensions in the order of 100 nm the
lithographic features size needs to be in the order of 10-20 nm.
Subsequently, the electro-optical material is spin-coated onto
the wafer [1]. In a last step the electro-optical material needs
to be poled by applying a voltage between the electrodes of the
modulators at an elevated temperature.

Fabrication of the BTO plasmonic waveguides in Si [20] or
SiN [27] typically starts by implementing conventional Si or
SiN waveguides within the respective platform. After an oxide
cladding the respective waveguide wafers are planarized and the
ferroelectric material is bonded. Then, the BTO is patterned with
EBL and etched to form the waveguides. In a next step, the metal
is deposited to form the plasmonic modulator.

H. Comparisons of Modulator Technologies

The capabilities and potential of plasmonic EO modulators
can be clearly seen when comparing different modulator types
against the available competing technologies.

In Table IV we compare different MZ type modulators.
Among which are photonic, plasmonic and hybrid plasmonic
modulators. The table shows the advantages of plasmonic EO
modulators. Plasmonic EO modulators offer (a) an order of
magnitude higher modulation efficiency and consequently lower
VL values, (b) miniature length and subwavelength cross sec-
tions, (c¢) unmatched frequency and bandwidths unreachable to

TABLE IV
(ADAPTED FROM [30]) TYPICAL MEASURED PERFORMANCE OF EO MZM
MODULATORS
Modulator VL V.La | Length on- Bandwidth
Variant [Vum] | [VdB] | L [um] chip [GHz]
loss a
[dB]
SOI [59] 600 1.2 2°000 5.4 60
SOH [60] [17] 400 1.0 280 2212 100
LNOI [61] 22°000 22 5’000 1.5 100
BaTiOs [62]° 4800 4.8 2°000 2 50
HS PLM [19] [63] 60 30 10 6 >500
VS PLM [31] 100 50 11 5.5 >300
Hybrid PL [25] 350 87 10 2.5 >270

SOI = Silicon on Insulator photonic modulator

SOH = Silicon Organic Hybrid photonic modulator

LNOI = Lithium Niobate on Insulator photonic modulator

BaTiO;= BTO photonic modulator

HS PLM = Horizontal Stack Plasmonic Modulator

VS PLM = Vertical Stack Plasmonic Modulator

Hybrid PL= Hybrid Plasmonic Modulators (i.e. only one metal electrode)
'With 200 V gate voltage to create electron accumulation layer

2On-chip losses based on stated MMI, strop-to-slot converter and phase-shifter
losses.

*Some data have been estimated from the published results for obtaining
consistent data.

any other existing modulator technology. (d) Plasmonic modu-
lators have higher losses. Yet, there is at worst a 3 dB penalty and
latest hybrid plasmonic modulators promise losses comparable
to other technologies while bandwidths are still large.

Table V shows the parameters and performance of resonant
ring modulators. It is evident that plasmonic modulators also
outperform their traditional resonant counterparts in terms of
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TABLE V
PERFORMANCE OF EO RESONANT MODULATORS
Modulator VL Vpeak c Q a BW
Variant [V um] [v] [um] [dB] [GHz]

Si RM [64] 3’700 0.8 31 4’800 4 45

Si RT [65] 8°000 * 60 57600 3 67
PLM RM [21] * 33 6 30 2.5 115
PLM RT [23] 150 0.6 90 700 1.2 176

a = on-chip-loss; BW = Bandwidth; C = Ring’s Circumference

Vpear = driving peak voltage of the experiment

Si RM = Silicon Ring Modulator

Si RT = Silicon Racetrack Modulator

PLM RM = Plasmonic Ring Modulator
PLM RT = Plasmonic Racetrack-Modulator

speed. Due to the high Q-factor they can operate with extremely
low driving voltage of 0.6 V for operation up to 200 GBd. Also,
it can be seen that plasmonic on-chip losses are extremely low.

V. CONCLUSION

Theory, operational principles, geometrical arrangements,
materials and capabilities of plasmonic electro-optical modu-
lators have been presented. Challenges as well as opportunities
of this new and emerging technology have been summarized.
Recent advancement in terms of design, optimization and
fabrication of Pockels effect based plasmonic modulators has
revealed their full potential demonstrating the flat frequency
response and bandwidth of 500+ GHz, unprecedented level
of miniaturization, extremely low power consumption, reliable
operation, and thermal robustness and stability.

The main advantages of plasmonic modulators is the ability
to overcome the bandwidth and frequency limitations of current
photonic modulator technologies. A flat frequency response in
excess of 500 GHz has been shown. Operation up to 2.4 THz was
demonstrated. In addition, plasmonic modulators offer a most
compact footprint enabling the implementation of MZM and
ring modulators on footprints as compact as 10 zzm?, and power
consumption of 70 and 300 atto Joules at 50 and 200 Gibt/s. All
of which comes at the price of plasmonic losses. Losses that are
steadily decreasing as technology matures.

Future developments on plasmonic modulators focus on the
implementation of new materials with very pronounced Pockels
effect that offer larger nonlinearities at even lower losses. Also,
different resonance effects might be exploited in order to further
decrease power consumption. An open question is the ultimate
bandwidths of the OEO plasmonic modulators. So far a flat
frequency response up to 500 GHz was found. Yet it is unclear
as of where the response will be dropping off. It will also be
decisively important to cointegrate plasmonic modulators with
electronics. This way RF losses can be minimized and operation
at highest bandwidths can be realized.

Many of the papers cited in this review have come out of
research produced within the authors research group. This has
not been done by intent, but rather reflects the intense work in
this field performed by the group. However, the authors hope
that this review helps to inspire other groups to enter this the
exciting field of plasmonic modulation.
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