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Abstract—Plasmonic modulators and switches have recently at-
tracted considerable attention because they offer ultracompact
size, high bandwidths, and potentially low-power consumption.
In this paper, we review and compare the current state of the art
of plasmonic switches and discuss the various physical phenomena
that are used to perform efficient switching. More precisely, we dis-
cuss plasmonic devices based on the thermal effect, the free carrier
dispersion effect, the Pockels effect, phase change materials and
switching caused by electrochemical metallization.

Index Terms—Integrated photonics, plasmonic switches,
thermo-plasmonic, free carrier dispersion, Pockels effect, electro-
chemical metallization, phase change effect.

I. INTRODUCTION

AN IDEAL optical switch should feature a small footprint,
offer high speed operation and operate with the least pos-

sible power consumption. However, to this day, optical switches
have relatively large footprints compared to λ and often require
significant power. State-of-the art in telecommunications circuit
switches are mostly based on MEMS technology, have foot-
prints of several hundreds of μm2 and consume several Watts of
power to be operated [1]. Other commercial integrated optical
switches typically are based on lithium niobate and come with
footprints of several cm2 [2]–[4]. More advanced approaches
have shown footprints of several mm2 [5], [6]. While all of
these approaches show a trend towards more compact sizes, the
overall dimensions are still too large in view of a cointegration
with electronics. Today, some 100 electrical devices fit onto a
single μm2. If optical devices should ever be cointegrated with
electronics, then their footprint needs to be dramatically reduced
as CMOS costs are calculated per μm2.

To further reduce the footprint, resonantly operated devices
have been suggested. They either take advantage of the slow
light effect in photonic crystal waveguides [7], [8] or they are
relying on resonant ring filter configurations. The latter have
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Fig. 1. Physical effects that have been used to perform plasmonic switching.

recently demonstrated operation up to 40 Gbit/s on a footprint
of as little as ∼30 μm2 [9]–[11]. However, resonant structures
usually are very sensitive to temperature changes and therefore
require active temperature control.

More recently, plasmonics has emerged as a potential solution
to some of those issues [12]–[24]. In plasmonics, information
is carried by surface plasmons polaritons (SPP). SPPs are elec-
tromagnetic waves strongly coupled to the free electrons at the
metal surface. They are propagating along the metal-dielectric
interface and can be manipulated below the diffraction limit.
Combining the propagation properties of optical waves with the
high localization of electronic waves, plasmons can achieve ex-
tremely large field confinement. This confinement property can
be exploited to develop novel plasmonic devices with footprints
of μm2 [13], [19], [25]–[27].

This work is an attempt to cover the key phenomena which are
currently considered to electrically control plasmonic switches
and modulators, Fig. 1. It can be seen that various physical
effects may be used to change the refractive index or absorption
characteristic of plasmonic waveguides. Below we will discuss
the five effects listed in Fig. 1 one by one and give recent
implementation examples.

And while we can only give a few examples, it needs to be
understood that each effect can be exploited in many possible
configurations. For instance, a phase-modulation effect can be
exploited in a straight phase modulator device for phase modula-
tion, but it could as well be exploited for switching or amplitude
modulation in a Mach-Zehnder interferometer or for intensity
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Fig. 2. Typical plasmonic device structures used for optical modulation:
(a) metal-insulator structure along with the spatial distribution of the H field
intensity profile of the fundamental SPP mode and the static electric field, U/w.;
(b) metal-insulator-metal structure along with the spatial distribution of the
H field intensity profile of the fundamental SPP mode and the static electric
field, U/w.

modulation (on-off switching) in a ring filter. Of course it is
impossible to cover all possible implementations and aspects
and we therefore ask for an understanding that only few of the
many great work in the field can be cited here.

II. ACTIVE PLASMONIC STRUCTRURES

Active plasmonic switches require an appropriate plasmonic
waveguide technology that allows for optical guiding but also for
a control of the active area. There are basically two plasmonic
waveguide structures that were found to be useful, see Fig. 2.
The first one is rather simple and consists of a metal-insulator
(MI) interface. The plasmonic field is strongly confined at the
MI interface and exponentially decays with increasing distance
from the interface. The losses of MI plasmonic waveguides are
mainly determined by the extent to which the field resides in
the metal. Typical propagation lengths are in the order of a
few tens of μm. Another popular plasmonic waveguide is based
on a metal-insulator-metal (MIM) stack. This type of structure
offers a strong subwavelength confinement of the plasmon. As
an advantage, the two metals can be used as electrodes across
which an electrical field can be applied. This way the electric
field, U/w (modulating voltage U, gap width w) drops off across
the area where the plasmon field is strongest, thus providing an
excellent overlap of electric and plasmonic field, see Fig. 2(b).
Moreover, metals have a very low resistivity and thus offer
a bandwidth that is not limited by RC time constants, which
is not easily achievable by doped Si. Therefore, the structure
is rather unique for electro-optical devices which are operated
below the diffraction limit and at high bandwidths. However,
such plasmonic structures must balance high field confinement
with optical losses (the propagation length is a few μm). The
latter can be addressed by choosing the right materials and a
proper design [28]–[36].

III. THERMO-PLASMONIC EFFECT

The thermo-plasmonic effect allows operation of a switch
with a very compact characteristic length. This is due to the
fact that a heating wire can act as a plasmonic waveguide. The

Fig. 3. (a) Top view schematic of the Mach-Zehnder thermoplasmonic switch;
(b) cross section of the active device [15].

heating wire changes the refractive index of the dielectric
cladding around the wire; this is exactly where the largest part of
the SPP mode is confined to [37]. As a result one has a large over-
lap between the electromagnetic field of the plasmonic mode and
the thermally induced energy. Taking advantage of this unique
property, several devices have been demonstrated but only few
of them can be reviewed here [15], [37]–[43]. It is worth noting
that typical devices based on the thermo-plasmonic effect show
high extinction ratios but only moderate switching times (in the
μs range) and relatively high power consumption (few mW).

In 2004, Nikolajsen et al. [15] demonstrated the first thermo-
plasmonic switch relying on a Mach-Zehnder interferometer
as sketched in Fig. 3. The device was fabricated on a silicon
wafer and comprises of a 15 nm thin gold stripe long range
plasmonic waveguide placed inside a thick Benzocy-Clobutene
(BCB) layer. The principle of operation is based on voltage in-
duced resistive heating of the gold stripe which in turn changes
the optical transmission of the plasmonic mode via the thermo-
optic effect. Based on this effect, the authors experimentally
demonstrate an extinction ratio of 30 dB in a 5 mm long de-
vice. The modulation speed was around 1 ms with an energy
consumption of 10 mW.

The performances of such devices was further improved by
Gosciniak et al. [39]. In their device, they use a cycloaliphatic
acrylate polymer layer as the active medium which has a higher
thermo-optic coefficient compared to BCB. The authors ex-
perimentally demonstrate that the required length for complete
modulation is around Lπ = 32.3 μm, however, the –3 dB fre-
quency cutoff of 10 kHz and power consumption of 1.7 mW is
still a limitation of this approach.

Recently, the thermo-plasmonic effect was used in a device
that can switch 4×10 Gbit/s traffic [44]. There, the thermo-
plasmonic elements were fabricated into a Mach-Zehnder inter-
ferometer with dielectrically loaded SPP waveguides and pas-
sive silicon waveguides. The authors show a device with an
active length of 60 μm, switching powers of 13.1 mW along
with 3.8 μs response times.

IV. FREE CARRIER DISPERSION EFFECT

The free carrier dispersion (or plasma dispersion) effect has
been suggested as a promising approach for achieving high
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Fig. 4. Schematic cross section of interferometer based plasMOStor with
silicon as an active medium [25].

speed plasmonic switching. In this effect, the induced free
charges, nc , cause changes of the imaginary and real part of
the refractive index of the medium. These changes are predicted
using the Drude model:

ε (ω) = ε∞ −
ω2

p

ω (ω + iγ)
, ω2

p =
nce

2

ε0m∗

where γ is the electron scattering rate, ω is the angular frequency
in rad/s, ε0 is the free space permittivity, ε∞ is the permittivity
at infinity frequency, ωp is the plasma frequency, m∗ is the
effective mass of electrons and e denotes the electron charge.

To this date, several demonstrations have been given in lit-
erature which are using the plasma dispersion effect for optical
modulation. The “plasMOStor” [25], for the first time, demon-
strated the potential of integrated plasmonics in an optical link.
Fig. 4 shows a cross section of the fabricated device. It employs
a four layer structure comprising of silver-oxide-silicon-silver
that supports both photonic and plasmonic modes. The opera-
tion principle is based on a voltage induced free carrier injection
which leads to refractive index change in silicon. This disper-
sion is used in an interferometeric structure formed by the two
slots as shown in Fig. 4. When a voltage is applied the pho-
tonic and plasmonic mode in the cavity are perturbed resulting
in a modulation of the transmitted optical signal of 3 to 4 dB
in a device of 2.2 μm length. The operating voltage of the
plasMOStor was measured to be 1 V. The device was tested to
work at dc. However, the authors estimated the device to work
in the GHz regime as the bandwidth will only be limited by
the formation speed of the accumulation layer. A technological
challenge of this approach is the potential high leakage current
passing through the insulator due to indiffusion of Ag into the
oxide layer. Leakage currents may lead to an early electrostatic
break down behavior and may affect the reliability of the device.

In a recent article, Melikyan et al. [45] proposed a surface
plasmon polariton absorption modulator (SPPAM) operating
at 1.55 μm, Fig. 5. The operation principle of this device is
based on the concept of epsilon near zero in ITO. Basically,
the voltage-induced free carriers in ITO alter the real part of its
permittivity between negative and positive values, which leads
to strong changes in the absorption. A small signal modulation
was demonstrated at a few 100 kHz—mostly limited by the RC
constant of the electrical circuit.

More recently, Sorger et al. [46] built an SPPAM based
on a similar structure. They experimentally showed success-

Fig. 5. Structure of the SPP absorption modulator based on ITO active
layer [45].

Fig. 6. Electro-absorption plasmonic modulator based on silicon active
layer [47].

ful switching operation with a 20 dB extinction ratio with 2 Vpp
voltage in a device of 20 μm length. The frequency of operation
of this device was several kHz. A difficulty of the SPPAM arises
when the insulating oxide layer between the conductive contacts
is getting very thin. Switching might then rely to a larger extent
on the much slower electrochemical effect than the ultra-fast
plasma dispersion effect, as will be outlined below.

A similar approach using the free carrier absorption mod-
ulation effect in silicon rather than ITO was experimentally
demonstrated in Ref. [47]. In this paper, the authors showed a Si
nanoplasmonic electro-absorption modulator using copper as a
metal electrode. The device is sketched in Fig. 6. According to
the authors, the operation principle relies on the voltage induced
carrier injection, which leads to an absorption change in silicon.
However, the device dissipates a significant amount of power
(0.1 mA in 2 μm2) and therefore part of the modulation could
also be due to thermal effects. The authors demonstrated a dc
modulation with 3 dB extinction in a device of 4 μm length.
The advantage of this structure is its compatibility with CMOS
process technology. This comes at the price of a lower operation
frequency as the transport velocity of the carriers in silicon are
limited.
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Fig. 7. Schematic of the PPM based on nonlinear materials [26].

V. POCKELS EFFECT

The Pockels effect is another physical phenomenon employed
in plasmonic switches. It is particularly well suited for achiev-
ing high data rate operation due to its instantaneous electro-
optical coefficient. For practical reasons, plasmonic Pockels
effect switches are usually based on the MIM structure. This
way voltage can be simply applied across the metals. The re-
fractive index changes Δn, via the Pockels effect are given by
[48]:

Δn =
1
2
× r33n

3 U

w

where U/w (modulating voltage U, gap width w) is the static
electric field and r33 is the electro-optical coefficient. The in-
duced phase shift on the plasmonic mode can then be exploited
for modulation in two different geometrical configurations: (a)
the ring resonators; (b) the Mach-Zender interferometer.

In 2012, Randahawa et al. [49] experimentally demonstrated
a plasmonic switch operated using the Pockels effect. The de-
vice consists of a dielectrically loaded plasmonic ring resonator.
In this first demonstration, the extinction ratio (10%) and the
switching speed (few seconds) were rather low. The latter was
attributed to a dominating voltage induced electrostrictive effect
of the host matrix.

Very recently, a 40 Gbit/s high-speed plasmonic modulator
was experimentally demonstrated [26]. The device is based on
the Pockels effect which comes from a nonlinear polymer in-
filtrated into the slot of the MIM waveguide. The device has a
very flat frequency response up to 65 GHz, is 29 μm in length
and features a power consumption of around 70 fJ/bit if oper-
ated with a Upp of 4.7 V. The device operated reliably across
a 120 nm wavelength window. It is noteworthy that the first
plasmonic phase modulator (PPM) features a RF bandwidth
that exceeds the bandwidth of known silicon modulators [50],
[51], while its footprint remains among the smallest [11], [48],
[52]. The plasmonic-photonic hybrid structure from Ref. [26]
is schematically depicted in Fig. 7. The PPM was fabricated on
an silicon-on-insulator (SOI) platform and consists of two hor-
izontal metal taper slaps integrated with an SOI waveguide and
a phase modulator. The light is guided through the SOI wave-
guide and then converted into a SPP. The SPP is then guided into
the phase modulator section, which consists of two metal pads
separated by a nanometer-scale vertical slot, see Fig. 7. The slot
is filled with a nonlinear organic material, the refractive index n
of which can be changed via the Pockels effect. By modulating

Fig. 8. (a) Top view SEM image of the plasmonic switch based on the phase
change effect; (b) cross section of the active device [60].

the refractive index of the polymer in the slot, the information
is encoded in the phase of the SPP. At the end of the modulator
section, the SPP is back-converted into a photonic mode.

More recently, a fully integrated plasmonic Mach-Zehnder
modulator has also been realized experimentally. The device
operated at 72 Gbit/s, featured a length of 10 μm only and
consumed as little as 20 fJ/bit [53].

VI. PHASE CHANGE EFFECT

The phase change effect refers to a transition from an amor-
phous to a crystalline structure of a material due to Joule heating
[54]–[56]. This unique property has interesting applications. In
particular, the phase change materials can be switched from a
transparent insulator (amorphous phase) to an associated metal
state. Such a phase change results in an enormous change of the
imaginary and real part of the refractive index of the material.
This effect can be used for optical switching. Transformation to
the amorphous phase requires typically a few tens of nanosec-
onds, whereas the transformation back to the crystalline phase is
on the order of few hundred nanoseconds. The devices, however,
pose significant technological challenges among which are (a)
high switching powers of a few mW and (b) resistance drifting.
The latter is explained in literature by changes of the resistances
with time which of course affect the reliability of the devices
[57]–[59].

The plasmonic switches based on the phase change effect
could be very interesting to reduce the characteristic length
scale of MIM active plasmonic structure. For this, the phase
change material has to be placed as an insulator between the
two plasmonic metals, i.e., the place where the plasmonic field
is largest. Thus, again there is an excellent overlap between the
optical field and the index change material.

Vanadium dioxide has emerged as an attractive material with
a phase change effect. The transition temperature between the
crystalline and amorphous is occurring around 70 °C and the
switching speed is in the order of nanoseconds when an elec-
trical or thermal excitation source is used. An experimental
demonstration of a VO2 plasmonic switch is shown in Fig. 8,
see Ref. [60]. The device consists of VO2 placed between
820 nm SiO2 and 300 nm of Ag. The Ag electrode was used
both as a plasmonic waveguide metal and as a heating source.
With this scheme the authors showed a rather high extinction
ratio of 10.3 dB with a device of 5 μm length. The device
however requires relatively high electrical powers to induce
the thermal phase change (28 mW) and operates at moderate
speed (few μs).
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TABLE I
CHARACTERISTICS OF PLASMONIC SWITCHES

Optical Modulation Mechanism THERMO-PLASMONIC [44] Free Carrier Dispersion [46] Pockels [53] Phase Change [60] ECM [62]

Length 60 [μm] 20 [μm] 5 [μm] 5 [μm] 10 [μm]
Extinction ratio 14 [dB] 19.1 [dB] 5.5 [dB] 10.3 [dB] 12 [dB]
Energy Consumption 13.1 [mW] – 20 [fJ/bit] 28 [mW] 0.2 [μW]
Demonstrated Bandwidth 3.8 [MHz] – >75 [GHz] [kHz] [MHz]
Estimated upper Bandwidth 100 MHz THz THz 100 MHz 100 MHz

Fig. 9. (a) On state: formation of the metallic nanoscale filament; (b) off state:
annihilation of the metallic nanoscale filament [61].

VII. ELECTROCHEMICAL METALIZAZATION (ECM) EFFECT

In ECM plasmonic devices or plasmonic memristors (resistor
with memory characteristics), a voltage induced reversible fila-
ment formation inside the insulating layer of a plasmonic MIM
waveguide is utilized to create two different distinct levels of
optical transmission [61], [62]. This effect is rather unique for
applications targeting ultra-small optical switches. The effect is
large because of a perfect overlap between the induced nanofil-
ament and the MIM plasmonic mode. Moreover this approach
is ideal for ultralow power optical circuit switching because it
can provide latching functionality, meaning that it can main-
tain the state without any energy. A challenge in fabrication is
the control of the resistance instability, being at the origin of the
uncontrollable morphology of the voltage induced nanofilament
[63], [64]. So far, the memristive effect is heavily investigated
for electronic memories [65]–[70] but it has only recently been
discovered for plasmonic switching.

A first demonstration of the operation principle was given in
Ref. [61]. The device consists of a vertical Ag/a-Si/p-Si struc-
ture butt-coupled to a single-mode SOI waveguide. The optical
transmission via the plasmonic memristive device can be varied
by switching the electrical resistance of a-Si where the switch-
ing mechanism is attributed to the formation/annihilation of
nanoscale silver filaments [71]–[73], see Fig. 9. More precisely,
under the application of a positive (negative) voltage at the sil-
ver electrode, silver ions infiltrated (retracted) the a-Si layer and
formed (annihilated) a nanoscale conductive channel. Thus, the
conduction mechanism is dominated by an enhanced (reduced)
electron tunneling through this metal filament, i.e., the device
is turned on (off) and the measured optical transmission is low
(high) due to the increased (reduced) losses through absorption
and scattering mechanisms. The authors managed to build a re-

Fig. 10. (a) Left: optical microscope image top view of a fabricated 5 μm
long device with silicon waveguide (Si-WG) and electrical contact pads; right:
schematic cross section of the active plasmonic switch. (b) Optical transmission
as a function of voltage showing a clear hysteresis and a latching switching ratio
with an extinction ration of 12 dB in 10 μm long device.

versible nanofilament based plasmonic switch as a result of the
variation of the absorption and scattering loss of the fundamental
gap mode.

Furthermore, the authors showed a reproducible and well de-
fined nanoscale resistance switching characteristic with switch-
ing current of ∼35 nA at 4 V, power consumption on the order
of 0.15 μW and an extinction ratio of few percent.

Only few months later, a significant advancement was re-
ported demonstrating that the memristance effect might be of
practical relevance [62]. In particular the authors showed an ex-
tinction ratio of 12 dB in a 10 μm long device. Again, the device
exploits the reversible formation of conducting nanofilaments in
a gold/silica/indium-tin-oxide plasmonic waveguide, Fig. 10(a).
The device is integrated onto a silicon waveguide on a standard
SOI wafer.

Fig. 10(b) shows how the optical switch changes from the
“on” state to the “off” state when the voltage is increased from
– 2 V to + 2 V. If the voltage is turned off (0 V), one can see how
the device maintains its state. Only when the voltage is switched
back to – 2 V it returns back to the “on” state and again maintains
this state even after the voltage is turned off again. As shown
in 10(b), a repeatable and well defined hysteresis with a 12 dB
extinction ratio is observed. This hysteresis is crucial for the
latching functionality of the switch. The switching speed was
also investigated. A sinusoidal modulation in the MHz regime



4600408 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 21, NO. 4, JULY/AUGUST 2015

was applied to the device and detected with a photodiode and
lock-in amplifier. This revealed a flat frequency response be-
tween 40 kHz and 10 MHz. Since electronic memristors show
switching times below 10 ns [63], the authors expect that higher
speeds should also be doable for plasmonic memristors by op-
timizing dimensions and material compositions.

VIII. CONCLUSIONS AND OUTLOOK

Electrically driven plasmonic modulators have seen signifi-
cant progress over the past few years, see Table 1. Especially the
prospect of a very small footprint and a low RC time constant
has been and still is a driving factor for this field. Until recently,
the modulation speed was often considered to be a limiting fac-
tor. However, with the recent experimental demonstration of
modulation frequencies above 70 GHz, a power consumption
of 20 fJ/bit, plasmonic modulators have now reached a very
competitive performance level. In addition, concepts of a novel
latching switch exploiting the phase change effect and ECM
effect offer new venues for novel device and memory concepts.

The main issue with any kind of plasmonic device typically is
the loss. This issue can only be addressed by either of two ways.
The community finds a path towards a lower loss plasmonic
device concept and some suggestions have already been made
or the plasmonic losses are offset by the short length of highly
nonlinear plasmonic devices.

In conclusion, the field of plasmonic modulators and switches
has progressed dramatically over the past few years and we are
looking forward to see more new and unique results.
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magnetic Fields at ETH Zürich, where his current research activities are focused
on integrated photonic, plasmonic, and optoelectronic devices.

Jens Niegemann received the Dipl. Phys. degree in 2004 from the Universität
Karlsruhe, Karlsruhe, Germany. In 2009, he received the Ph.D. degree from the
Karlsruhe Institute of Technology (KIT). From 2009 to 2011, he lead the Young
Investigator Group “Computational Nano-Photonics” at the KIT. He joined the
Institute of Electromagnetic Fields at ETH Zürich, Zürich, Switzerland as a
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