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Abstract
Plasmonic organic hybrid (POH) modulators have emerged as potential candidates for ultra-compact and high-speed
photonic integrated circuits. In this review we discuss the most compact modulators of this platform starting with the
plasmonic phase modulators (PPMs), followed by the all-plasmonic Mach-Zehnder Modulators (MZM) and concluding
with the plasmonic IQ-modulator. These POH modulators combine unique properties such as compactness (<20 m2),
broadband electrical frequency response (> 115 GHz) and low electrical energy consumptions (~25 fJ/bit). These properties enable for the first time the generation of advanced modulation formats such as QPSK and 16 QAM on the mscale at symbol rates up to 72 GBd.
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Introduction

Electro-optical modulators are key elements in optical
communication systems [1]. Modulators should ideally
feature large electro-optic bandwidth, low energy consumption and a compact footprint. However, state-of-theart LiNbO3-modulators feature cm2 scaled footprints which
hampers their co-integration with electronics.
To keep pace with the demands of downscaling, integrated photonic devices have been intensively studied. To
highlight the tremendous progress made in this field within
the last decade, we summarized electro-optical bandwidth
of the best in-class modulators of various technologies in
Fig. 1. The modulators utilize various effects such as the
quantum-confined Stark effect (QCSE- ) in III-V semiconductors [2-4], the Franz-Keldysh-effect (FKE- ) in silicon-germanium (SiGe) [5,6], free-carrier dispersion
(FCD- ) effects in silicon [7-10] and the Pockels effect (
) in silicon-organic-hybrid (SOH) modulators [11-13].

Fig. 1 Reported bandwidths of electro-optical modulators
for integrated photonic and plasmonic modulators over the
last 15 years. Adapted from [19].
The presented modulators can be classified into resonant
[10] and non-resonant configurations [2-9,11-13]. Resonant schemes utilize high Q-cavities which enable devices
with small footprints of ≈20 μm2. However, the long cavity
lifetime poses an upper limit for the electro-optical bandwidth (≈20 GHz). Non-resonant QCSE [2-4] or FKE [5,6]
absorption modulators have demonstrated bandwidths up

to 74 GHz with a modulator length of 100 μm. However,
the generation of advanced modulation format is challenging for absorption modulators. In contrast, Mach-Zehnder
modulators (MZM) represent the most versatile approaches offering this desired access to advanced modulation formats [12]. MZMs have shown electro optical bandwidths of 55 GHz [9] and 100 GHz [13] utilizing the FCD
and Pockels effect, respectively. However, the weak lightmatter interaction in photonics results in rather long phase
shifters, of typically > 500 μm. For all photonic modulator
approaches largest bandwidths have only been reported for
devices with bulky footprints beyond 1000s of μm2
[4,9,13].
These limitations can be overcome by plasmonics
which has the remarkable capability to confine light below
the diffraction limit [14]. This paves a way to strongly enhance light-matter interaction, and thus, enables a significant foot-print reduction while maintaining a large electrooptic bandwidth as only recently demonstrated by plasmonic organic hybrid modulators [15-19] ( ). These modulators feature very small footprints of a few μm2 while offering bandwidths (> 115 GHz) beyond those of integrated
silicon photonics [19].
In this paper we review the progress of the so called
plasmonic organic hybrid (POH) platform and present our
latest results. First we discuss the operating principle of the
plasmonic phase modulator (PPM) as it is the fundamental
component, followed by the discussion of the all-plasmonic MZM. Finally, we discuss potentials for scaling up
to more complex and seamless photonic circuits with help
of POH IQ-modulators. The performance of these modulators is unique as they comprise a footprint of <20 μm2, with
a bandwidth larger than 115 GHz (THz expected) and electrical energy consumption of ≈ 25 fJ/bit. Furthermore, POH
IQ-modulators support advanced modulation formats such
as 16 QAM and QPSK enabling line rates of 144 Gbit/s.
Thus, future photonics integrated circuits (PIC) based on
such modulator could achieve exceptionally high data rates
per footprint.
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Plasmonic Phase Modulators

Plasmonic phase modulators (PPMs) efficiently modulate
the phase of an optical carrier already on a device lengths
of 10 μm and less. In the following, we will discuss the
operation principle of a PPM followed by a brief discussion
of the trade-off between the light-matter interaction and
plasmonic losses. This trade-off can be overcome by scaling down the dimension of the plasmonic modulator.
A scanning-electron microscope (SEM) image of an inhouse fabricated PPM on a SOI substrate is shown in
Fig. 2 (a).

Fig. 2 (a) Top view of a typical plasmonic phase modulator. (b) Cross section of the simulated RF and optical field.
Both are well confined to the metal-insulator-metal (MIM)
slot. Adapted from [19].
The modulator is composed of silicon (Si) access waveguides, photonic-plasmonic couplers (PPC) and a plasmonic phase shifter. The phase shifter is a metal-insulatormetal (MIM) slot waveguide filled with an organic nonlinear optical (NLO) material [15]. The MIM is formed by
highly conductive gold (Au) contact pads to apply electrical signals to the modulator. This electrical signal is encoded onto the optical carrier via the Pockels effect provided by the NLO material. PPCs couple light to and from
the phase shifters by converting the photonic mode to a
plasmonic mode and vice versa [20]. The plasmonic mode
propagating in the MIM slot waveguide experiences a
phase shift when an electrical signal is applied to the modulator.
The plasmonic mode enhances the Pockels effect compared to photonic approaches, as both the electrical and the
optical fields are completely confined to the nm-scaled
slot, see Fig. 2 (b) [16]. Reducing the slot width enhances
the Pockels effect even further, however, at the cost of increased plasmonic propagation losses. Nevertheless, the
enhancement of the Pockels effect over-compensates for
increased propagation losses. For example reducing the

slot width from 200 nm down to 50 nm enhances the induced phase shift eight times while the losses only increase
by a factor of two [19].
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All-plasmonic Mach-Zehnder
Modulators

Two PPMs can be combined to form a plasmonic interferometer resulting in all-plasmonic MZMs with the length of
10 m or less, which can be integrated into a standard silicon photonic waveguide[16]. In the following we will
shortly discuss the operating principle and the performance
of such an all-plasmonic MZM.

Fig. 3 Colorized SEM image of an all-plasmonic MZM
which comprises a PPM section and two PPI sections.
An all-plasmonic MZM of the newest generation is
shown in the colorized SEM image in Fig. 3. The interferometer is realized by introducing a gold island between two
gold rails forming two PPMs which are filled with a NLO
material (DLD164) [21]. A suspended bridge is used to apply the electrical drive signal to the island which forms the
signal electrode of the modulator. Rails and island are connected to contact pads which are driven via standard RF
probes.
The combination of rails, island tips and silicon waveguides form the so-called photonic-plasmonic interferometer (PPI). The novel PPIs shown above convert photonic
modes to plasmonic modes and vice versa while splitting
and combining the plasmonic modes at the island’s tip.
This PPI achieves coupling efficiencies up to -1 dB corresponding to an improvement of 1.75 dB compared to the
first generation of PPIs reported in a previous study [16].
The operating principle is given in the following. Light
guided in the incident silicon waveguide is converted by
the first PPI to a plasmonic mode and mapped equally onto
the inputs of the two PPMs. When a voltage is applied to
the island the PPMs shift the phase of the plasmonic modes
with respect to each other due to the Pockels effect. This
effect is realized by operating the MZM in the “push-pull”
mode [16]. The shift in the relative phase of the two modes
is translated by the second PPI into an amplitude modulation. In the on-state the two modes are in phase at the end

of the PPMs and the PPI converts them back onto a guided
photonic mode. In the off-state the two modes are out ofphase and the PPI cannot map them onto the guided photonic mode of the silicon waveguide. Thus, the phase
modulation is translated into an intensity modulation.

Fig. 4 Measured intensity transfer function of a 6 m long
all-plasmonic MZM as a function of the signal voltage.
Adapted from [19].
The transmitted intensity as a function of the applied
voltage (-5 V to 5 V) for a measured MZM with 6 m long
and 40 nm wide PPMs is shown in Fig. 4. The transmitted
intensity is normalized to the power in the on-state. A voltage of U≈ 7 V is sufficient to switch from on- to off-state
resulting in a record low voltage-length product of ≈
40 Vm. The achieved extinction ratio is larger than 25 dB.
The insertion losses of the all-plasmonic modulator is 8 dB
[16].
High-speed data transmission experiments have been
performed with all-plasmonic MZM of the previous generation [16]. The experimental set-up is depicted in Fig. 5.
With the measured bit-error-ratios (BER), constellation
and eye diagrams. A CW laser (1550 nm) light was coupled
to and from the chip by grating couplers. The modulated
optical signal was amplified and detected coherently.
Standard DSP and post-equalization was performed to mitigate the limited

Fig. 5 Schematic of the MZM’s high-speed data experiment at 54 GBd and 72 GBd. Adapted from [16].
frequency response of our RF-components. An electrical
data stream (PRBS 215-1) was amplified to 6 Vpp and encoded onto the optical carrier using GSG RF probes. First
we tested the MZM at a data rate of 54 Gbit/s using a

square-root-raised cosine (SRRC) pulse shape (roll off: α
= 0.25). A BER of 7.3×10−5 was found. At a data rate of 72
Gbit/s the BER of 3×10−3 was still below the HD-FEC
limit. Forward error correction of the signal with 7 % overhead allows error free data transmission [22].
An electrical energy consumption of ∼25 fJ/bit was estimated for the capacity driven modulator [23]. This low
energy consumption at such high data rates is due to the
small in-device capacitance of 2.8 fF.
To verify the theoretical high bandwidth (THz) [16] we
measured the frequency response of the modulator and it
was found to be flat up to 115 GHz [19]. This is - to the
best of our knowledge - the highest experimentally confirmed electro-optic bandwidth reported for integrated
modulators. The frequency response above 115 GHz could
not be measured due to bandwidth limitations of the RF
set-up.
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Plasmonic IQ-Modulators

The potential of plasmonics to be a solution for high
speed photonic integrated circuits is best demonstrated by
the plasmonic IQ-modulator [19]. This modulator benefits
not only from the footprints of plasmonics (please see section 2 and 3) but it also benefits from the seamless integration of multiple electro-optic modulators realized in plasmonics. Thus, we can reduce the size of an IQ-modulator
by 1300 times compared to state-of-the-art integrated IQ
modulators as demonstrated by Korn et al. (2013) [12]. In
the following we will briefly discuss the design and operation principle of plasmonic IQ modulators and further discuss their capability to generate advanced modulation formats at highest speed.
The plasmonic IQ-modulator, represented in Fig. 6, is
comprised of quadrature and in-phase all-plasmonic
MZMs and two photonic MMIs. Laser light (1535 nm ≤ λ
≤ 1550 nm) is incident from the left and couples to the
2x2 MMI. This MMI maps the light equally onto the two
successive MZMs while inducing a /2 phase offset between the two MZMs. These MZMs are driven by two uncorrelated electrical signals which encode information onto
the in-phase and quadrature component of the optical carrier. The signals are applied via the SQ and SI electrodes.
Afterwards, light is combined by the 2x1 MMI and fed to
the output silicon waveguide.
The common ground (GIQ) suppresses electrical crosstalk between the two MZMs resulting in a seamless integration of the modulators. Suspended bridges are used to
contact the three islands embedded between the two outer
ground rails (GI and GQ) for encoding electrical information onto the optical carrier.
The insertion losses of the presented IQ-modulator are
13.5 dB which is comparable to other integrated IQ-modulators [12,24]. 3.5 dB are originating from the 2x1 MMI,
7 dB are caused by the 12 m long and 85 nm wide phase
shifters. The PPIs are contributing 1.5 dB losses per interface.

Fig. 6 Colorized SEM image of the plasmonic IQ-modulator. Two all-plasmonic MZMs are seamlessly combined and
integrated between two photonic MMIs. Adapted from [19].
The RF bandwidth of the modulator is determined by
the bandwidth of the individual MZM and thus should be
flat up to 115 GHz and beyond.
The electrical crosstalk between the in-phase and quadrature phase MZM has been measured for high-speed RFsignals ranging from 10 GHz to 50 GHz. It was found to be
smaller than -34.5 dB and can be traced back to the common ground and the short length of the MZMs.
The modulators capability to encode the advanced
modulation formats (QPSK and 16 QAM) was evaluated
by high-speed data experiments at 72 GBd and 18 GBd,
respectively. Light from the external laser was fed to and
extracted from the chip using grating couplers. The modulated optical signal was amplified and detected coherently.
Standard DSP, pre-distortion and post-equalization were
performed to mitigate the limited bandwidth of the RF
components. Two electrical data streams, representing the
in-phase and quadrature component, were generated by

The measured BER (QPSK and 16 QAM) are shown in
Fig. 7 with the corresponding constellation diagrams as a
function of the symbol rate. For symbol rates up to 56 GBd
QPSK, the BERs are below the HD-FEC (dashed line) limit
with 7 % overhead [22]. At higher symbol rates (72 GBd –
144 Gbit/s) and for higher modulation formats (16 QAM)
the BER increases to 7.5 × 10-3 and 1.3 × 10-2, respectively.
These BERs are below the SD-FEC (20% overhead) and
data can be transmitted error free with data rates up to
120 Gbit/s [25].
The estimated energy consumption is 78 fJ/bit and
27 fJ/bit for the QPSK and 16-QAM modulation format,
respectively [23].
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Is the plasmonic organic hybrid platform a solution for
ultra-compact high-speed photonics? It is certainly a potential candidate as it comprises compactness, high-speed,
low energy consumption and the capability to generate advanced modulation formats such as QPSK and 16-QAM.
Furthermore, the most important benefit of this technology
is given by its capability to seamlessly integrate multiple
devices. Such that even the most complex active components (IQ) become smaller than passive photonic components (2x2 MMI).

6
Fig. 7 Schematic representation of the IQ’s high-speed data
experiment setup and the measured BERs for various
speeds and formats. Adapted from [19].
two AWGs and amplified to 5 Vpp measured at 50 Ω. The
signals were applied to the modulator by means of two
GSG RF probes. The operating point of the MZM modulators were tuned by applying a DC-bias between ± 6 V. The
modulator’s performance was tested from 18 GBd to
56 GBd using a SRRC pulse shape (roll off: α = 1 to 0.28)
while using a rectangular pulse shape at 72 GBd.

Conclusion
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