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New high-speed photonic technologies and co-integration with electronics are required to keep up with the demand of future optical communication
systems. In this paper, plasmonics is presented as one of the most promising next-generation photonic technologies that already fulfils these
requirements in proof-of-concept demonstrations. Plasmonics features not only modulators and detectors of highest speed, but also compactness,
cost- and energy-efficiency, and compatibility with CMOS electronics. Recently, co-integration with electronics was demonstrated with record
performances of 222 GBd in a hybrid InP electronic-plasmonic transmitter assembly and of 120 GBd with a monolithic BICMOS electronic-

plasmonic transmitter. © 2021 The Japan Society of Applied Physics

1. Introduction

Next-generation optical interconnects have to overcome the
capacity gap between electronics and photonics. Current
solutions are sufficient for links of tens or hundreds of
Gb/s, but Tb/s will soon be required in datacentres.'> Hence,
parallelisation and high data rates per line are of particular
need. Only a compact, fast, cost- and energy-efficient plat-
form can achieve this goal.” For this purpose, high-speed
photonics has to catch up and electronic-photonic co-integra-
tion has to overcome the interface bottlenecks.

Currently, a variety of high-speed photonic technologies
for transmitters and receivers based on indium phosphide
(InP) photonics,*” lithium niobate (LNB) photonics,®?
silicon (Si) photonics'®™"® or plasmonics'*>* are being
investigated, while no leading technology could establish
itself yet. Possible reasons for this are limited device
performance, technology costs, manufacturing maturity or
challenges in co-integration with electronics. For example, Si
photonics (SiPh) is already a mature technology with
expected yearly revenues of 4 billion USD in 2025.% Yet,
its active components have large footprints, which renders
scaling to higher speed a challenge. In contrast, plasmonics
can easily reach highest speeds as the photonic technology of
largest bandwidth®" and ultra-low energy consumption.’”
Maturity and low costs in production can be achieved by
combining plasmonics with well-developed photonics for
passive components. Yet, all photonic technologies are still
facing the co-integration challenge.

State-of-the-art electronic-photonic co-integration is based
either on the hybrid assembly of separate chips in bond-wire
or flip-chip configurations or on the monolithic integration on

a common substrate. As a first option, bond-wire assemblies
currently offer the highest-speed transmitters reaching
symbol rates of 222 GBd with plasmonics,23) 192 GBd
with InP photonics® and 112 GBd with Si photonics.'® Yet,
bandwidth limitations will eventually constrain further
scaling. A second option is flip-chip assemblies, which offer
reduced parasitics®” and operation speeds of 100 GBd using
InP photonics.”® Still, hybrid assemblies remain costly and
hard to scale due to the technology interface at the highest
symbol rate. Monolithic integration is expected to deliver a
cost-efficient and high-performant alternative. Here, electro-
nics and photonics are integrated as layers on the same
substrate and connected through on-chip vias. Silicon-based
zero-change CMOS photonics offers a complete data link at
10 GBd*” and transmitter operation at 40 GBd.”® However,
standard CMOS electronics are confronted with bandwidth
limitations and alternative high-speed electronics such as InP
or BiCMOS electronics are of particular interest. The latter
achieves symbol rates of 180 GBd*" and was integrated with
plasmonics in the currently fastest monolithic transmitter
with data modulation at up to 120 GBd.*¥

In this progress review, the latest progress on co-integra-
tion of plasmonics with electronics is discussed. First, a brief
overview over the plasmonic technology for optical commu-
nication is given. It is highlighted why plasmonics is
particularly suited for high-speed co-integration. Second,
the most common co-integration approaches are presented
and two are selected for discussion in more detail at the
example of electronic-plasmonic transmitters. A hybrid InP
electronic-plasmonic transmitter using a bond-wire assembly
reaches highest symbol rates of 222 GBd.>? A monolithic
BiCMOS electronic-plasmonic transmitter operating at
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120 GBd is the fastest and most compact of its kind.?” Both
show the technology’s readiness for future optical commu-
nication systems.

The paper is in part based on the invited contribution at the
2020 International Conference on Solid State Devices and
Materials (SSDM2020).>%

2. Plasmonics—high-speed photonics

Plasmonics as a high-speed photonic platform has recently
and repeatedly raised attention due to its unique advantages
such as speed and efficiency. Hence, active plasmonic
structures such as modulators and detectors might become
key components in future high-speed optical communication
systems ranging from chip-to-chip over short-reach to long-
reach links.”

A brief conceptual overview over plasmonics shall be
given before diving into its application for high-speed
communications. Plasmonics is a subcategory of optics,
which deals with electromagnetic waves coupled to charge
oscillations on metal-dielectric interfaces, so-called surface
plasmon polaritons (SPPs). The interaction of the electric and
magnetic fields with the charges and vice versa is schema-
tically shown in Fig. 1(a). The strong coupling binds the
waves to the surface and leads to an exponential field decay
perpendicular to it as depicted in Fig. 1(b). On one hand,
when SPPs propagate along an open surface, the electro-
magnetic energy is transported along it and the structure acts
as a plasmonic waveguide. On the other hand, when SPPs
propagate along a closed surface, it can positively interfere
with itself at a resonance frequency. A plasmonic standing
wave is observed, which is called localised surface plasmon.
Such a structure leads to strong localised fields and acts as
plasmonic nano-antenna.

Az Surface (a) Az Surface (b)
Dielectric Dielectric
|E]
Metal
(c) Slab (d) Hybrid (e) Slot
Dielectric m Metal
W
Metal Dielectric Dielectric
Dielectric Metal Metal
Fig. 1. (Color online) Plasmonic waveguides. (a), (b) Surface plasmon

polariton (SPP) propagation along a metallic surface.*® (a) Interaction of the
electric (red) and magnetic (blue) fields with the surface charges in the metal.
Light is coupled to charge oscillations and propagates as electromagnetic
wave along the surface. (b) Characteristic plasmonic exponential field decay
away from the surface. The field is confined to the surface with typical
penetration depths on the nanometre scale. (c) Plasmonic slab waveguide.
The fields on both sides are coupled and guided along the metal surface. (d)
Hybrid plasmonic waveguide. A waveguide-like photonic ridge on top of a
plasmonic metal leads to hybrid photonic-plasmonic propagation. (e)
Plasmonic slot waveguide. The guided wave is confined between the two
metal films.
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Over the last few decades, plasmonics raised a lot of attention
thanks to the strong field enhancement by confining in space
beyond the diffraction limit and reaching the nanometre
scale. ™ Effects like extraordinary optical transmission,’’ ="
surface-enhanced Raman scattering®”*” and the creation of
plasmonic waveguides*' ™" and nano-antennas**~" enabled a
wide range of technologies for (bio-)sensing,’'
medicine® " and integrated photonics.*®>%%

In integrated photonics, a variety of plasmonic
waveguides*' ™" are available such as surface, slab, hybrid
and slot waveguides, see Fig. 1, Surface waveguides*"
comprise optically thick metal films covered by a dielectric.
The waves follow the SPP concept shown in Figs. 1(a)-1(b).
Slab waveguides*" are similar, but consist of a thin metal
film sandwiched between two dielectrics as shown in
Fig. 1(c). They are often referred to as insulator-metal-
insulator waveguides and have coupled fields propagating
on both sides of the metal. Surface and slab waveguides are
usually rather weakly guiding, which gives less field en-
hancement but higher penetration into the dielectric and
lower propagation loss. This makes them efficient for sensing
and imaging applications, when scanning over a large
volume. Slot and hybrid waveguides allow for stronger
confinement beyond the dimensions of photonic counterparts.
Hybrid plasmonic Waveguides45 ) are composed of a photonic
waveguide-like part on top of a dielectric-coated metal film
(or upside-down), see Fig. 1(d), and are also called dielectric-
loaded plasmonic waveguides. They are called hybrid be-
cause the guided mode is of photonic nature in the photonic
part and of plasmonic nature in the metal part. The hybrid
mode exhibits good field confinement in the dielectric layer,
while still having low-loss propagation. Plasmonic slot
waveguides*>*® as depicted in Fig. 1(e) offer the strongest
confinement as light can be squeezed into an almost arbitrary
small gap between two metals.>>® They are also called
metal-insulator-metal waveguides and achieve the highest
field enhancement among the presented structures. This can
be efficiently exploited in applications such as lasers®*®" and
components for high-speed optical communications as re-
viewed below, yet comes at the price of increased propaga-
tion loss.

The choice of the metal for the plasmonic waveguide
defines the basic properties of plasmonic devices such as the
propagation 10ss.°**> Gold (Au), silver (Ag), copper (Cu)
and aluminium (Al) are the standard plasmonic materials in
the near-infrared. They have a permittivity with large
negative real part, pushing the field out of the metal and
into the active material (enhancing light-matter interaction),
and a small imaginary part, reducing the absorption in the
metal. Among them, silver has the lowest loss, but it suffers
from quick degradation and resulting in worsened device
performance. Therefore, gold is favourable because it still
offers low loss and additionally inertness, which allows for
efficient devices and compatibility with most fabrication
processes. Yet, it is not available in CMOS processes such
as copper and aluminium.®” Hence, low-loss copper might
be desirable once diffusion and oxidation are under control.
In contrast, aluminium is better controllable in fabrication
and operation. But, it has the highest losses among these
materials, which must be compensated by more efficient
light-matter interaction.

© 2021 The Japan Society of Applied Physics
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When integrating plasmonics with conventional photonics,
an additional converter structure is required. This can be
efficiently implemented either by using a tapering structure®”
or a directional coupling.®® Measured excess losses were
about 0.5 dB for a taper-like converter into a plasmonic slot
waveguide®” and 0.3dB for a directional coupler into a
hybrid plasmonic waveguide.®” Yet, integration with con-
ventional photonics might not be necessary, when directly
coupling from an optical fiber into a plasmonic
device.'>'?0%%9 This renders additional photonic-plasmonic
converters obsolete and makes plasmonic devices even more
compact and integrable on a variety of substrates.

Plasmonics as a high-speed photonic platform'*=>* offers
particular advantages over competing technologies, while
few current limitations remain to be overcome. Typically,
high-speed plasmonics resorts to slot waveguides for a
variety of reasons. First, slot waveguides allow for strong
confinement and high field intensity, which results in a strong
light-matter interaction. Second, the plasmonic waveguide
simultaneously serves as high-speed electrodes, which results
in an optimal overlap between the electrical and optical fields.
This renders nonlinear effects, as for example the electro-
optical conversion in modulators, particularly (energy-)effi-
cient. Third, plasmonic components are ultra-compact thanks
to the beforementioned arguments. This significantly reduces
both the contact resistance and the capacitance in such
devices. In turn, the RC time constant drops and the electrical
bandwidth increases to the highest values of their kind.*"
These advantages come at the price of plasmonic propagation
loss. This fundamental loss of plasmonic devices is only
about 5dB in current demonstration and therefore already
comparable to alternative high-speed active optical compo-
nents. On top, it is expected that it can be further reduced by
using advanced driving schemes®> and by further optimising
the nonlinear efficiency of the electro-optical material in the
plasmonic slot.”®’" Additional losses come from couplers
and converters and are expected to reach similar values as in
other technologies with the future integration of plasmonics
in photonic fab processes.

Plasmonic high-speed modulators are versatile electro-
optic components for the transmitter. They offer solutions
for phase, intensity and amplitude modulation in simple
phasen) or advanced Mach—Zehnder (MZM),14’23) ring,73) or
1Q*” configurations. These modulators offer record symbol
rates up to 222 GBd*® and data rates up to 400 Gbs ' per
optical carrier.”” Key to the high speed is an electro-optical
bandwidth exceeding 500 GHz.?" This is inherent to the
plasmonic modulator structure and the field confinement to
the nanometre scale, see Fig. 2. The basic element is a
plasmonic phase shifter (gold) as shown in the colourised
scanning electron microscope image in Fig. 2(a). The
modulation takes place in an organic’” or ferroelectric'”
electro-optic material inside the narrow metal slot. Since the
slot metals serve both as driver electrodes, see Fig. 2(b), and
as plasmonic waveguide, see Fig. 2(c), both electrical fields
are confined to the same area, which enables a strong light-
matter interaction. This reduces the requirements for size and
energy, and renders plasmonic modulators fast,"
compact'>'***™ and energy-efficient.”” Latter allows for
operation at CMOS-compatible voltages.”” Furthermore,
plasmonic modulators are not bound to photonic
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Fig. 2. (Color online) High-speed plasmonic modulator.”” (a) Colourised
SEM image of the modulator with the input and output silicon photonic
waveguides (blue) and the active plasmonic slot (gold). (b), (c) Electrical
field distributions. Both the (b) driving and (c) optical electrical field are well
confined to the plasmonic slot, which renders the plasmonic modulator ultra-
compact, highly efficient and extremely broadband.

substrates'> and allow for dense parallelisation in terabit
arrays.'” Hence, they promise great potential not only for
hybrid*> but also for monolithic** integration with electro-
nics.

Plasmonic high-speed detectors are the complementing
opto-electric component for the receiver. Also in the detector,
plasmonics allows for field confinement to the nanometre
scale and hereby enhances the light-matter interaction. This
leads to energy-efficient devices with high responsivity and
compact footprints.”>’® High-speed integrated plasmonic
detectors based on germanium'® or graphene'® as absorbing
medium show promising results. In proof-of-concept experi-
ments with a single-layer graphene detector,'™ an opto-
electric bandwidth beyond 110 GHz, an optical bandwidth
above 140 nm in the C-band and a responsivity of 0.5 A/W
were measured. A data detection experiment demonstrated
operation at a symbol rate of 100 GBd. Since plasmonic
detectors are only a few micrometres in length, they are
extremely compact and not bound to a photonic substrate,
which makes them particularly suitable for co-integration
with electronics.

3. Co-integration with electronics

Co-integration of electronics and photonics is one of the
major challenges to advance in high-speed optical commu-
nication systems. Key to the success is optimising the
interface between the electronic and photonic domains.
While a variety of high-speed electronic and photonic
solutions are available, a high-speed interface is remaining
challenging.

The different approaches for co-integration from industrial
state-of-the-art to research are shown in Fig. 3. Traditionally,
electronics and photonics were treated separately. Individual
modules were manufactured and assembled, see Fig. 3(a).
Yet, connectorisation and cabling are not only limiting the
scaling in speed but also became a significant cost factor. Co-
packaged optics are now replacing the traditional approach,
where electronics and photonics are still on separate chips but
assembled in a hybrid module. Two approaches of hybrid
integration are hereby pursued. First, Fig. 3(b) shows a bond-
wire assembly where electronics and photonics are integrated

© 2021 The Japan Society of Applied Physics
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(a) High-speed Electronics

Fig. 3.

High-speed (c)
Photonics

(Color online) Co-integration approaches for high-speed electronics and photonics. (a) Completely separate chips. External equipment such as probes

or cables are used for connection. (b) Bond-wire assembly. The two chips are assembled next to each other and connected at the high-speed interface with
bond-wires. (c) Flip-chip assembly. The photonic chip is assembled on top of the electronic chips or vice versa. They are directly connected via the bond-pads
on the individual chips. (d) Monolithic assembly. Both electronics and photonics are realised on a single substrate. No extra interface is required between the

two domains.

side-by-side and connected by bond-wires. Second, Fig. 3(c)
depicts a flip-chip assembly, where both technologies are
integrated on top of each other and directly connected with
bond-pads. In research, monolithic assemblies as shown in
Fig. 3(d) are entering the focus of the community. Electronics
and photonics are merged into a single technology, which
promises highest speed and efficiency at lowest costs and on
the smallest footprint. However, merging of electronics and
photonics gives rise to all new challenges that have yet to be
tackled.

3.1. Hybrid integration

Hybrid integration in a bond-wire assembly is the state-of-
the-art co-integration technology. Currently, it is offering the
fastest transmitters thanks to its flexibility and the almost
independent design and performance optimisation of the
individual high-speed electronic and photonic components.
Yet, the bandwidth-limited bond-wire interface will even-
tually prohibit further scaling due to signal degeneration.

A hybrid InP electronic-plasmonic transmitter demon-
strated so far the highest transmitter speed with symbol rates
up to 222 GBd.>® The authors combined fastest electronics
and photonics by assembling an InP electronic chip and a
plasmonic chip side-by-side, connected by bond-wires, in a
common module as shown in Fig. 4.

The InP electronics consists of a 2:1 digital selector (SEL)
that generates an electrical output data signal by multiplexing
two externally supplied input data streams.”” The SEL
achieves the high-speed performance thanks to the InP
double-heterojunction bipolar transistor technology that
achieves a transit frequency fr=400GHz. In stand-alone
measurements, symbol rates up to 222 GBd were demon-
strated.

The plasmonics comprises a silicon-based plasmonic
modulator in a Mach—Zehnder configuration that generates
an optical intensity modulation from the electrical driving
signal. It uses SiPh grating couplers, waveguides and multi-
mode interferometers to route the light on-chip and bring it to
the phase modulators in the MZM arms. The modulators are
realised in gold plasmonics with a nonlinear organic electro-
optic material inside the slot and are operated in push-pull
mode. They are connected as short as possible with the bond-
pads, which supply them with the electrical input signal.

Data modulation experiments of the complete bond-wire
assembly at 222 GBd demonstrated the performance of the
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Fig. 4. (Color online) Hybrid electronic-plasmonic high-speed

transmitter.”> InP electronics perform a 2:1 multiplexing of high-speed
electrical signals, which is fed to the output pads. Bond-wires connect the
electronic chip with the silicon-plasmonic chip, where the electrical signal
drives a silicon-based plasmonic Mach—Zehnder interferometer for intensity
modulation.

hybrid transmitter. The received eye diagrams of a pure
electrical and an electro-optical data modulation experiment
are displayed in Fig. 5. To date, this marks the fastest
transmitter independent of the co-integration scheme.

3.2. Monolithic integration

Monolithic integration is considered the most future-proof
technology combining high-speed electronics and high-
bandwidth photonics on the same substrate. Hence, an
interface of highest speed and lowest parasitics can be
exploited. Furthermore, it is expected that monolithic

| 222 GBd | () 222 GBd

: Electrical -"‘- : Optical - . .
- -

| Back-to- RS | Back-to- NS

| back | back

I e -

Fig. 5. (Color online) Received eye diagrams of the hybrid electronic-

plasmonic transmitter at 222 GBd.>» (a) Electrical and (b) optical back-to-
back eye diagrams were measured.

© 2021 The Japan Society of Applied Physics
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Fig. 6. (Color online) Monolithic electronic-plasmonic high-speed
transmitter.>* SiGe BiCMOS electronics performs a 4:1 power multiplexing
to generate a high-speed output signal to drive the plasmonic modulator. The
plasmonic modulator converts the electrical signal into an optical intensity
modulation for transmission over an optical fibre link. In particular, an ultra-
compact Mach—Zehnder modulator design with 29 x 6 um? footprint was
introduced (see inset).
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Fig. 7. (Color online) Received electro-optical eye diagrams of the
monolithic BICMOS electronic-plasmonic transmitter.>? Up to 120 GBd
with the silicon-plasmonic MZM and 100 GBd with the ultra-compact
plasmonic MZM were demonstrated, respectively.

integration significantly reduces the overall expenses from
manufacturing to assembly and testing.

A monolithic bipolar CMOS electronic-plasmonic high-
speed transmitter was recently demonstrated achieving
symbol rates beyond 100 GBd.** To this end, one of the
world’s fastest electronic technologies and the photonics of
highest bandwidth were monolithically integrated on a
common substrate as depicted in Fig. 6.

In the SiGe BiCMOS electronic layers (blue), a high-speed
data signal is generated through multiplexing that reaches
total symbol rates of up to 180 GBd.*" Four intermediate-

SB0806-5

speed electrical input signals are either externally provided or
generated on chip. These input signals are then multiplexed
in two stages, a 4:2 and a 2:1 stage, into the high-speed
output signal. The 2:1 stage hereby replaces the standard
driver amplifier and directly drives the output load. This is
commonly called power multiplexing and provides the best
signal quality and highest energy-efficiency at high speeds.”®
Note that BICMOS electronics is particularly advantageous
as it combines high-speed electronics with standard CMOS
for control and data processing, while simultaneously fea-
turing compatibility with Si photonics.

The plasmonic top layer (red) comprises all photonic
devices. They consist of passive Si photonic components
for coupling and guiding of light and active plasmonic
components for electro-optic modulation. A Mach—Zehnder
modulator (MZM) is chosen for intensity modulation at the
transmitter and direct detection at the receiver. Two device
concepts were investigated. First, a silicon-plasmonic MZM
uses standard silicon passives for photonic on-chip routing
and plasmonic phase shifters in the MZM arms. Second, an
ultra-compact plasmonic MZM with a record-small footprint
of 29 x 6 um? uses direct fibre-to-plasmonic couplers into an
all-plasmonic MZM as shown in the inset of Fig. 6.

The monolithic transmitter performance was demonstrated
in data modulation experiments with symbol rates up to
120 GBd and operating under ambient air conditions. The
measured electro-optical eye diagram for both modulator
types are shown in Fig. 7. The silicon-plasmonic MZM
reached up to 120 GBd symbol rate and remains the fastest
monolithic transmitter to-date. The ultra-compact plasmonic
MZM reached up to 100 GBd and persuades by its
unprecedented compactness.

4. Conclusions

Plasmonics features unprecedented compactness in photonic
integrated circuits due to strong confinement of electrical and
optical fields to subwavelength dimensions in modulator and
detector devices. Hereby, the devices exploit the unique
properties of plasmonics like high bandwidth, dense paralle-
lisation, energy-efficiency and flexibility for co-integration
with electronics. The demonstrations of a 222 GBd hybrid
transmitter and a 120 GBd monolithic transmitter are
considered milestones towards an industrial use of plasmo-
nics for optical communication. Hence, plasmonics is ready
to tackle the current and future challenges in optical com-
munication systems and might play a key role in overcoming
the growing optical interconnect bottleneck.
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