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High-speed plasmonic phase modulators
A. Melikyan1 *, L. Alloatti1, A. Muslija1, D. Hillerkuss2, P. C. Schindler1, J. Li1, R. Palmer1, D. Korn1,
S. Muehlbrandt1, D. Van Thourhout3, B. Chen4, R. Dinu4,5, M. Sommer1, C. Koos1, M. Kohl1,
W. Freude1 * and J. Leuthold1,2 *
To keep pace with the demands in optical communications,
electro-optic modulators should feature large bandwidths,
operate across all telecommunication windows, offer a small
footprint, and allow for CMOS-compatible fabrication to keep
costs low1. Here, we demonstrate a new ultra-compact plasmonic phase modulator based on the Pockels effect in a nonlinear
polymer. The device has a length of only 29 mm and operates
at 40 Gbit s21. Its modulation frequency response is ﬂat up
to 65 GHz and beyond. The modulator has been tested to
work across a 120-nm-wide wavelength range centred at
1,550 nm, and is expected to work beyond this range. Its
operation has been veriﬁed for temperatures up to 85 8 C and
it is easy to fabricate. To the best of our knowledge, this is
the most compact high-speed phase modulator demonstrated
to date.
High-speed, ultra-compact and power-efﬁcient electro-optic
modulators are currently in the spotlight of research as they are key
components in optical transmission links1,2. To this day, the majority
of silicon-based modulators exploit either the plasma dispersion
effect in silicon3–12 or the Pockels effect in nonlinear cladding, a technology also known as silicon–organic hybrid (SOH)13–15. The conﬁguration of silicon modulators can be classiﬁed as resonant3–8,14
or non-resonant9–13,15. Resonant modulators can be very compact.
Indeed, a device with a footprint as small as 78 mm2 has already
been demonstrated3. This size is possible due to the large quality
factor of the resonant cavity, which enhances the nonlinear interaction by several orders of magnitude. However, resonant modulators suffer from bandwidth limitations and need to be optimized
for a certain operating wavelength range. In addition, resonant
modulators are sensitive to temperature ﬂuctuations and fabrication
tolerances. In contrast, non-resonant modulators offer operation
across a large spectral window. They are typically based on a travelling wave conﬁguration. To achieve a long interaction time
between the optical and the modulating radiofrequency (RF)
signal, these devices are often several millimetres in length, which
increases the RF losses of the device. Such bulky dimensions also
prevent economically efﬁcient co-integration with electronics. A
further disadvantage of the travelling wave approach is the requirement to terminate the RF transmission line with a matched
impedance, which reduces the modulating voltage to half the
generator’s open-circuit voltage.
Surface plasmon photonics or ‘plasmonics’ is the art of controlling, guiding and detecting surface plasmon polaritons (SPPs). The
SPP is an electromagnetic surface wave at a dielectric–metal interface, coupled to the charge density oscillation in the metal
surface16,17. Plasmonics is a means of providing ultra-compact and
high-speed components such as modulators, switches and detectors18–21. Since the 1980s, the realization of a plasmonic modulator

has been the focus of many research groups22–29. Modulation of an
SPP with an electrical signal has been shown by employing the
thermo-optic effect22, the Pockels effect23–25 and the plasma dispersion effect either in semiconductors or in metals26–29. However,
despite the many approaches pursued in the past 30 years, an
electro-optical high-speed plasmonic modulator has never
been demonstrated.
Here, we present a plasmonic phase modulator (PPM) that combines the large RF bandwidth of a travelling wave modulator9–13,15,
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Figure 1 | PPM and ﬁeld distributions. a, Schematic of the PPM.
Continuous-wave (c.w.) infrared light guided by the upper-left silicon
nanowire is coupled through a metal taper to the plasmonic slot waveguide.
The slot in the metal sheets is ﬁlled with an electro-optic polymer. The
phase of the surface plasmon polariton (SPP), which propagates in the slot,
is changed by applying a modulating voltage. A second taper transforms the
SPP back to a photonic mode in the lower-right nanowire. b,c, Mode proﬁles
of the SPP (b) and RF (c) signals, showing the colour-coded modulus of the
complex electric-ﬁeld vector.
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Figure 2 | Characteristics of fabricated PPMs. a, SEM image of the 1stG PPM (length, 34 mm). The image was taken before coating the sample with an
electro-optic polymer. Lower-right inset: the clearly deﬁned silicon nanowire taper, showing the good alignment of taper and slot. b, Comparison of the
measured optical transmission of the 1stG device (black solid curve) with 2ndG modulators (red solid line) after coating with an electro-optic polymer,
showing a ﬂat transmission across a wide spectral range. c, Lumped element model of the 1stG modulator used for electrical characterization with a GSG
probe. d, Magnitude and phase of the S11 RF reﬂection factor for frequencies up to 60 GHz. The modulus (left axis) and phase (right axis) of S11 , as
calculated for the lumped element model depicted in c, are given as blue solid lines.

the compactness of a photonic-crystal modulator8,14 and the energy
efﬁciency of a ring modulator3–7. In particular, the reported PPM
has an RF bandwidth that exceeds the bandwidth of
known silicon modulators3–15, while its footprint remains among
the smallest3–8,14.
Our PPM consists of two metal tapers that perform the photonic-to-plasmonic mode conversion and a phase modulator section
located between them (Fig. 1a). The metal taper narrows with an
angle of 158 and is used as an interface between the silicon photonics and plasmonics30. Light guided through the silicon nanowire
efﬁciently excites the SPP via the metal taper. The SPP is then
guided into the phase modulator section, which consists of two
metal pads separated horizontally by a nanometre-scale vertical
slot (Fig. 1b,c). The slot is ﬁlled with a nonlinear organic material,
the refractive index n of which can be changed via the Pockels effect
by applying a static electric ﬁeld U/wgap (modulating voltage U,
gap width wgap). With an electro-optic coefﬁcient r33 , the change
in the refractive index is equal to Dn ¼ (1/2) × r33n 3U/wgap
(ref. 31). By modulating 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.
Noble metals such as gold or silver exhibit negative dielectric
permittivity below their plasma frequency. For such metals,
the modulus of the permittivity at communication wavelengths is
typically two orders of magnitude larger than the permittivity of
the nonlinear polymer32. This large permittivity contrast at the
metal–polymer interface results in an optical ﬁeld enhancement
in the slot (Fig. 1b). Moreover, both optical and modulating ﬁelds
are strongly conﬁned to the slot, resulting in a near-perfect overlap
between the optical and RF signals (Fig. 1b,c). Consequently, the
Up voltage for a phase shift of p at a given device length L is
2

small, leading to a small voltage–length product Up × L.
Accordingly, a sub-50-mm PPM with a sufﬁcient modulation
index h (unit rad) becomes feasible. In our device, we make use
of the Pockels effect in a nonlinear polymer, thereby avoiding the
speed limitation typically associated with the carrier lifetime in
plasma-effect-based injection-type modulators3,6,10. The high conductivity of the metal sheets and the small capacitance of the
device result in an ultra-small RC time constant, which does not
pose a practical speed limitation3–15. Furthermore, the lumped structure of our PPM avoids the bandwidth limitation caused by the
walk-off of electrical and optical signals. The purely capacitive
nature of the device and the small Up also make it energy-efﬁcient.
Optical broadband operation of the PPM is ensured by the weak
wavelength dependence of the nonlinear polymer, by the inherently
broadband metallic slot waveguide and by the metallic tapers.
We fabricated two generations of PPM on an silicon-on-insulator (SOI) platform (Supplementary Section 1). The ﬁrst generation
(1stG) of PPM was fabricated in a ground–signal–ground (GSG)
conﬁguration with metallic slots with a length of 34 mm and a
width of 140 nm on each side of the signal electrode. In the
second-generation (2ndG) PPM, the slot width was reduced to
140 nm, and the length to 29 mm. The 2ndG device was designed
to have a ground–signal (GS) conﬁguration. A scanning electron
microscope (SEM) image of the 1stG device is shown in Fig. 2a.
We measured the optical loss of the modulator section by taking
an equal-length SOI strip waveguide as a reference. The fabricated
PPMs show broadband optical transmission (Fig. 2b). The average
total loss is 12 dB for both modulators. The electrical properties of
the 1stG modulator were studied by investigating the S11 RF reﬂection factor. The cross-section of the device and its equivalent electrical circuit are provided in Fig. 2c. The RF reﬂection factor |S11| was
measured to be greater than 95% across a 60 GHz frequency range

NATURE PHOTONICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephotonics

© 2014 Macmillan Publishers Limited. All rights reserved.

b

0.02
DUT
TLS
0.01

Modulation index η (rad)

Modulation index η (rad)

a

OSA
U = Umsin(ωmt)

Um = 0.1 V

2ndG
0.00
0

10

LETTERS

DOI: 10.1038/NPHOTON.2014.9

20
30
40
50
Frequency fm (GHz)

60

70

c

0.08

Modulation index η (rad)

NATURE PHOTONICS

2ndG

0.04

Um = 0.8V

1stG
0.00
1.48

1.52

1.56

1.60

0.08

0.04

2ndG
0.00
20

40

Carrier wavelength λc (μm)

60
80
Temperature T (°C)

100

Figure 3 | Measured performance of the PPMs. a, Phase modulation index h versus RF frequency fm for the 2ndG modulator. The frequency response is ﬂat
at least up to 65 GHz. Inset: experimental set-up used to measure h for various RF frequencies and carrier wavelengths. Infrared light from the tunable laser
source (TLS) is sent to the device under test (DUT). The modulator is driven by a sinusoidal electrical signal with amplitude Um , and the optical spectrum is
measured at the output of the chip with an optical spectrum analyser (OSA). b, Modulation index for 1stG and 2ndG modulators versus optical carrier
wavelength in a range of 120 nm for a modulation frequency of fm ¼ 45 GHz. The modulation index is essentially ﬂat with respect to the carrier wavelength
in this 120 nm range. Solid lines give the modulation index predicted by ﬁrst-order perturbation theory. c, Thermal stability of the device tested for
temperatures up to 85 8C. The polymer exhibits no degradation in its electro-optic coefﬁcient at high temperatures, as has been shown elsewhere30.
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Figure 4 | Modulation experiments with the 1stG PPM. a, Experimental set-up for measuring the BER and EVM of a BPSK signal. Light with a wavelength of
1,550.92 nm is ampliﬁed by an erbium-doped ﬁbre ampliﬁer (EDFA), ﬁltered, and sent to the DUT, wherein the phase of the SPP is modulated by the
electrical RF signal. The resulting optical BPSK signal was detected with an Agilent optical modulation analyser (OMA). b–d, Constellation diagrams of the
received BPSK signal for data rates 28 Gbit s21, 35 Gbit s21 and 40 Gbit s21. EVMs between 43% and 46% are speciﬁed at the bottom of the graphs and
correspond to BERs of 3 × 1023 to 7 × 1023.

(Fig. 2d). We ﬁt the measured electrical reﬂection factor with a
lumped equivalent circuit (Fig. 2c) and found that the capacitance
of each of the metallic slots is C1stG ≈ 2.2 fF. By geometrically
scaling with respect to the slot width (140 nm versus 200 nm) and
length (29 mm versus 34 mm), we estimate the capacitance of the
2ndG modulator to be C2ndG ≈ 2.7 fF.
We characterized the electro-optic frequency response of the
modulators using the measurement set-up shown in the inset to
Fig. 3a. The modulators are driven with a sinusoidal RF signal
with an amplitude of Um , and the resulting modulation index is
measured (Supplementary Section 1). The measured phase modulation index for the 2ndG modulator is shown in Fig. 3a as a function of the RF modulation frequency up to 65 GHz. To cover the
entire RF frequency range of the driver we selected a relatively
small driving voltage amplitude of Um ¼ 0.1 V. The device exhibits
an ultra-ﬂat frequency response up to at least 65 GHz. Such a ﬂat
response was only possible due to the instantaneous Pockels effect
and the ultra-small RC time constant of the device. To characterize
the optical response we measured the phase modulation index for
various carrier wavelengths lc , keeping the modulation frequency
at 45 GHz and the driving voltage amplitude Um ¼ 0.8 V constant.

Figure 3b shows the results for lc between 1,480 nm and 1,600 nm.
Fitting the measured modulation index h with the one predicted
with ﬁrst-order perturbation theory (Supplementary Section 2),
we derive the achieved on-chip electro-optic coefﬁcient of the
polymer. The electro-optic coefﬁcients obtained for the 1stG and
2ndG devices are r33 ¼ 13 pm V21 and r33 ¼ 21 pm V21, respectively.
Even though the used nonlinear polymer has been tested previously in a high-temperature environment33, we carried out a
thermal stability test to further conﬁrm the operation of the
device under operation conditions such as found, for example, in
telecommunications racks. The modulation index was measured
for various sample temperatures up to 85 8C. No degradation of
the modulation index was found (Fig. 3c).
To test the high-speed capabilities of the 1stG modulator we
encoded a data stream with a bit rate of up to 40 Gbit s21, the
maximum rate available in our laboratory. The phase of the SPP
was encoded with a 231 2 1 long pseudo-random bit sequence
(PRBS) with a voltage swing of Upp ¼ 7.5 V, resulting in a peakto-peak phase modulation of 0.23 rad. The resulting binary phase
shift keyed (BPSK) signal was received by a coherent receiver. The
error vector magnitudes (EVM) for three different data rates are
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Figure 5 | Modulation experiments with the 2ndG PPM. a, Direct receiver set-up for detecting a BPSK signal. A 40 Gbit s21 BPSK signal was converted to
an intensity-modulated signal using a delay interferometer (DI) with a free spectral range of 40 GHz. To compensate for the losses of the in-house-built DI,
the second preampliﬁer was added. A digital communication analyser (DCA) and bit error ratio tester (BERT) were used for eye diagram and BER
measurements, respectively. b, Eye diagram of the received signal for a data rate of 40 Gbit s21 and a corresponding BER of 6 × 1025.

provided in Fig. 4b–d. The bit error ratios (BERs) corresponding to
the measured EVMs34 are in the range of (3–7) × 1023. The 2ndG
modulator was encoded with a 40 Gbit s21 data stream. In this
case, the device was operated with an electrical signal with a
reduced amplitude of Upp ¼ 4.7 V, resulting in a peak-to-peak
phase modulation of 0.31 rad. This signal was subsequently converted into an intensity-modulated signal by means of a delay interferometer with a free spectral range (FSR) of 40 GHz (Fig. 5a). The
signal was then detected directly with a single photodiode. A
measured eye diagram with a BER of 6 × 1025 is given in Fig. 5b.
An optical physical link with such a BER can be used in both
long- and short-range applications35. Taking into account the
capacitance C2ndG of the modulator we estimate an energy consumption per bit of (2Upp)2 × C2ndG/4 ¼ 60 fJ bit21 for a voltage
swing of 2Upp across the device36. Using the latest electro-optic polymers37, the average energy per bit could be reduced to 18 fJ bit21 for
a plasmonic Mach–Zehnder modulator (MZM) operating in push–
pull, as we discuss in Supplementary Section 3.
In conclusion, we report the ﬁrst successful experimental demonstration of a high-speed PPM. We demonstrate operation at a
high bit rate of 40 Gbit s21 for a device length of only 29 mm.
The modulator exhibits a ﬂat modulation frequency response up
to at least 65 GHz. It can be operated across the whole optical S,
C and L-bands. The thermal stability of the device for temperatures
up to 85 8C has been assured. We believe that the concept
has the potential to pave the way to future ultra-compact and
CMOS-compatible on-chip Mach–Zehnder and in-phase and quadrature phase (IQ) plasmonic modulators such as needed to generate
quadrature amplitude modulation formats.
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